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ABSTRACT

BACKGROUND

Laparoscopic surgery is believed to induce less postoperative adhesion formation com-
pared with open procedures, but information regarding biological impact of a laparo-
scopic approach is limited.

MATERIAL & METHODS

Peritoneal response to laparoscopic surgery was assessed in human peritoneal tissue in 
two clinical trials (paper I & V). Human mesothelial cell response to CO2 was assessed 
in cell culturing media (paper II & III). Measurements of peritoneal pH was evaluated 
in an animal model (paper IV), and then performed in patients (paper V). Assays of the 
key fibrinolytic enzymes t-PA and PAI-1 were done at protein (paper I-III & IV) and 
mRNA levels (paper II & III). 

RESULTS

!e initial clinical study showed a similar decrease in peritoneal t-PA activity during 
both open and laparoscopic cholecystectomy. However, there was a higher initial peri-
toneal PAI-1 concentration in the laparoscopic group, which might be attributable to 
prior exposure to CO2. !e in vitro studies showed an up regulation of PAI-1 mRNA 
production in cells exposed to CO2 or acidic conditions, and that acidification could 
be caused by CO2. In vivo studies of peritoneal pH showed an immediate decrease to 
6.5 during insufflation, reproducing the CO2 effect during surgery. He did not affect 
peritoneal pH. When initial peritoneal exposure to CO2 was controlled for, peritoneal 
levels of t-PA decreased and PAI-1 increased during laparoscopic surgery regardless of 
gas used. !ese findings are consistent with observations done in open surgery and 
indicate that the effect is related to the surgical trauma. However, the t-PA activity was 
better preserved using CO2 suggesting that use of CO2 might have less adverse effect on 
peritoneal fibrinolysis than He.

CONCLUSION

Peritoneal fibrinolytic response during laparoscopic surgery is similar to open surgery, 
but CO2 elicits specific biological effects. Exposure of peritoneum and mesothelium to 
CO2 leads to a local and systemic acidosis and seems to have direct effects on key fibrin-
olytic enzymes. !e systemic acidosis is manageable through controlled ventilation. !e 
clinical implication of the effect on peritoneal fibrinolysis is unclear, but the observations 
done in humans are consistent with a reduced propensity for adhesion formation.

P   P   
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INTRODUCTION

LAPAROSCOPIC SURGERY

Laparoscopy was first attempted in the early 20th century by Kelling, who used a cys-
toscope to visualise the abdominal cavity in a dog model (1). A Swedish internist, H-C 
Jacobaeus learned the technique and used it for diagnostic procedures in both the peri-
toneal and pleural cavities in patients with tuberculosis. During the 20’s and 30’s, lap-
aroscopy remained a diagnostic tool for internists, and was not used for surgery until 
the 1940’s when it was taken up by gynaecologists. A development of tools and insuffla-
tors started, and in 1980, the first laparoscopic appendectomy was carried out by Kurt 
Semm (2). His technique was then adopted and adjusted by Eric Muhe who performed 
the first laparoscopic cholecystectomy in 1985 (3). Although questioned at the time, 
these events started the laparoscopic expansion in general surgery. However, it wasn’t 
until Philip Mourau, a French general surgeon, who performed the first modern laparo-
scopic cholecystectomy in 1987, that laparoscopic technique and applications started to 
evolve rapidly. Today the laparoscopic technique is well established, and is the standard 
of care for several procedures, such as cholecystectomy, Nissen fundoplication, gastric 
by-pass and now also increasingly for colectomies. 

!e clinical advantages of laparoscopic surgery are well known, including shorter hos-
pital stay, less postoperative pain, more rapid recovery and shorter periods of sick leave 
being the most important (4-6). !e laparoscopic technique seems to induce a milder 
systemic immune response than open procedures (6-10), and is even considered to be 
beneficial in cases with peritonitis (5, 11). A reduced incidence of postoperative wound 
infections after non-contaminated surgery has been reported in several studies (9). !e 
impact of laparoscopy on postoperative adhesion formation is also clinically relevant. 
Adhesions form to a lesser extent after laparoscopic surgery and are thinner and filmier 
in quality, (12-15) than after open procedures. Adhesions formed after laparoscopic sur-
gery are more localised to port-site incisions and to the actual operating area, but less to 
distant sites in the abdominal cavity. However, the clinical significance of this is unclear 
and there are varying reports on the incidence of bowel obstruction after laparoscopic 
procedures compared with open procedures. A French retrospective study reported the 
same incidence of postoperative bowel obstruction after corresponding open and laparo-
scopic procedures (16). On the other hand, there is a recent study reporting less bowel 
obstruction after laparoscopic than open appendectomy (17), and a long term follow up 
of 150 patients operated on for an acute abdomen reporting less frequent occurrence of 
bowel obstruction after laparoscopic procedures (18).
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POSTOPERATIVE ADHESION FORMATION

Postoperative adhesion formation is a well-known consequence of abdominal surgical 
procedures, recognised since the early days. !e major complications of adhesions are 
bowel obstruction and difficulties during re-operations, with risk of organ perforation, 
increasing patient morbidity and mortality, and cost of surgical care (19, 20). A Scottish 
retrospective study reported 30000 patients with no prior surgical history, who under-
went abdominal or pelvic surgery in 1986. !irty-five percent of patients were readmit-
ted, on average 2.1 times over 10 years, for a disorder that could directly or possibly be 
related to adhesions (21).

Adhesions form in the peritoneal cavity, mainly at sites of trauma and are the result of 
tissue damage from a variety of sources: surgery, bacterial infection, irradiation, chemi-
cal injury and tissue ischemia. As a response to trauma, fibrin is deposited initiating 
tissue remodelling. Fibrin deposits can either be completely or partially resolved by the 
fibrinolytic process, or developed into adhesions. Fibrin degradation takes place within 
two to three days post operatively, and fibrin deposits remaining later on will be invaded 
by fibroblasts and organised into adhesions. Fibrous adhesions join tissue surfaces in 
abnormal locations, forming potential sites of bowel obstruction and creating surgical 
difficulty during re-entry of the abdominal cavity. 

THE PERITONEUM

!e peritoneal cavity is lined by the peritoneum, a large organ consisting of a monolayer 
of mesothelial cells standing on a basal membrane (22). !is lining minimises friction 
within the cavity and facilitates organ movements. !e peritoneum acts as an active 
membrane, transporting fluids and residues from the cavity, an activity of mechanism 
utilised in the peritoneal dialysis technique. It also plays an important active role in the 
local host defence against bacteria and infections, presenting antigen and foreign mate-
rial for phagocytosis by other cells (23, 24). 

!e mesothelial cells of the peritoneal membrane are highly active metabolically, pro-
ducing proteins and regulating biological processes in the abdominal cavity (22). !ey 
have a sophisticated system of vesicles and vacuoles and experimental studies indicate 
that particles up to 100 nm can be transported through the mesothelial cells via micro 
pinocytosis. !e interstitial area between the mesothelial cells is complex with adjacent 
cells often overlapping as well as widely spread junctions between the cells !ere are 
also gaps of varying size between the cells, known as lacunaes, where transportation and 
absorption of liquid occurs. !e mesothelial cells are capable of producing a variety of 
mediators, such as t-PA and PAI-1, and are considered the main source of these key 
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enzymes within the abdominal cavity (25, 26). !ey also produce other proteins such 
as growth factors, MMPs and elements of the extracellular matrix (27, 28). Structurally 
and functionally mesothelial cells resemble the vascular endothelium. 

!e peritoneum rapidly regenerates after injuries. !e peritoneal serosal layer heals in 
a size-independent way, where small and large injuries heal in approximately the same 
time-period. Free floating mesothelial cells adhere to the denuded areas and initiate 
further cell proliferation and restoration (29). During laparoscopy the peritoneum is 
distended together with the abdominal wall. Studies using electron microscopy (EM) 
showed bulging and detachment of rat mesothelial cells, exposing the basal lamina, after 
laparoscopic procedures (30). !ese changes peeked after 12 hours and the peritoneal 
lining was then restored with macrophages migrating in and regenerating cells covering 
the denuded areas. At 96 hours the mesothelial lining appeared intact (30). However, 
all injuries and changes of the mesothelial cell layer during operative procedures may 
constitute sites of trauma where tissue remodelling might take place. 

THE FIBRINOLYTIC SYSTEM

Fibrinolysis in the abdominal cavity, as well as in other tissues, depends on the balance 
between the local plasminogen activating capacity and its inhibition. In order to initiate 
fibrin degradation, the inactive precursor plasminogen, present in the systemic circula-
tion needs to be activated. Activation is performed by the two plasminogen activating 
enzymes t-PA and uPA (Fig 1). Both are equally efficient as activators (31), and t-PA is 
the predominant activator in the abdominal cavity (32). !ey can both be inhibited by 
complex binding to PAI-1 in a one-to-one relation (Fig 1). 

Fig 1. !e fibrinolytic system 
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T-PA
!e tissue-type Plasminogen Activator (t-PA) is a serine protease enzyme and the main 
plasminogen activator in plasma. It is highly specific for the fibrinolytic process, and 
its activity has been shown to increase 1000-fold in the presence of fibrin (33, 34). !e 
presence of t-PA has been documented in many tissues (35, 36), and the most t-PA pro-
duction takes place in the vascular endothelium (35, 37). !ere is also growing evidence 
of production and local regulation of t-PA in other cells, including macrophages (38) 
and mesothelial cells (25, 26). Like many other enzymes, t-PA circulates as an inactive 
precursor that is activated when needed, and the main stimulator to activate t-PA is 
fibrin.

UPA
!e urokinase type Plasminogen Activator is also a serine protease enzyme and the sec-
ond activator in plasma. It is the main activator in urine and has also been shown to be 
present in other tissues (39, 40). In the peritoneal cavity, uPA can be found in the me-
sothelial cells, and has been shown to be produced and secreted locally (25, 41). !ere is 
evidence that uPA and t-PA are equally efficient in terms of fibrin degradation capacity 
(31), but t-PA dominates fibrin degradation in the peritoneal cavity (32). It has been 
suggested that uPA has a variety of functions involving inflammation, and that it plays 
an important role in the spreading of cancer metastasis (42, 43), making invasion of 
cancer cells into other tissues possible. It is also known as a negative prognostic marker 
in breast cancer (44).

PAI-1
!e Plasminogen Activator Inhibitor-1 is a large multifunctional protein, a serine pro-
tease inhibitor (serpin), capable of blocking both uPA and t-PA by complex binding in 
a 1:1 relation, forming biologically inactive complexes. PAI-1 is produced and secreted 
by many cells, mainly the vascular endothelium (26, 45), but also from fibroblasts, 
platelets, macrophages (46) and mesothelial cells (25, 26). It is present in low concentra-
tions in normal peritoneum, but seems to be recruited when inflammation occurs (47). 
On these occasions it is probably released from many sources, including macrophages.  
PAI-1 is released in its active inhibitory conformation, but undergoes spontaneous con-
formational change to the latent state unless it is bound to the cofactor Vitronectin (48). 
!us PAI-1 contains an “auto-inactivation” mechanism and has a half-life of 2 hours 
at physiologic pH 7.4 and 37°C (48). Interestingly, the half-life of active PAI-1 is pro-
longed in acidic conditions, reaching 8 hours at pH 6.5 and 18 hours at pH 5.5 (49). 
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PAI-1 also plays an important role in secondary tumour-take, making detachment of 
target organ cells possible. By binding to a uPA-uPAR complex on a cell membrane, 
PAI-1 detaches integrins and the target cells can disconnect, making tumour invasion 
possible (50). !ese events seem to be crucial, as PAI-1 knock-out mice have been shown 
to lack the capability of secondary tumour-take (51).

PERITONEAL FIBRINOLYSIS DURING SURGERY

It is conceivable that fibrinolysis in the abdominal cavity to a large degree depend upon 
local peritoneal conditions, putting the scope of studies of postoperative tissue remodel-
ling into the cavity. !e systemic fibrinolytic response does not appear to represent peri-
toneal conditions (52). During open surgical procedures, local peritoneal fibrinolytic 
capacity has been shown to decrease (32). In a clinical trial peritoneal levels of t-PA and 
the peritoneal t-PA activity both decreased during surgery in a time-dependant manner 
(53). !is was shown for samples obtained from the wound edges, and from peritoneal 
tissue distant to the incision line or area of surgery (53), indicating a global peritoneal 
effect. Interestingly, after 90 minutes of surgery, there was significantly less t-PA activity 
in tissue from traumatised areas when compared with tissue from distant areas, indicat-
ing a more severe fibrinolytic depression at sites of trauma (53). !is also indicates that 
the t-PA activity might be a marker for the extent of the local peritoneal trauma.

In peritonitis, peritoneal levels of t-PA have been shown to be lower from the start of the 
procedure, compared with non-inflamed conditions, indicating a reduced fibrinolytic 
capacity in the abdominal cavity already before surgery. Starting at this reduced level, 
t-PA decreased during surgery, further diminishing the peritoneal fibrinolytic capacity 
(32, 52). Concomitantly, PAI-1 levels were higher at start of the procedure, but did not 
change during surgery (52). Additionally, external PAI-1 from macrophages and plate-
lets, seem to be recruited during peritonitis (52, 54), altogether generating a situation 
with low fibrin clearing capacity and high risk of adhesion formation. 

LAPAROSCOPY

Laparoscopic surgery is performed within the abdominal cavity in a closed environment, 
making the exposure of organs and tissues within the cavity different from that during 
open surgery. !e creation and maintenance of a pneumoperitoneum causes peritoneal 
distension, as well as peritoneal exposure to the gas used and the flow of this gas, creating 
a specific peritoneal milieu. !e laparoscopic technique also involves visualisation of the 
operating field through video techniques, and the lack of manual manipulation, factors 
reducing the mechanical peritoneal damage. 
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POSSIBLE BIOLOGIC EFFECTS OF LAPAROSCOPY

THE LAPAROSCOPIC GAS

Insufflation of gas is used to expand the peritoneal cavity, a procedure exposing the 
peritoneum to both the flow of gas and to the chemical properties of the gas. !e flow 
has been shown to induce a jet-cooling effect on the peritoneal surface (55), causing 
desiccation and so called “thin-film evaporation”, possibly leading to peritoneal damage 
(56). If the gas is heated (35°C) and humidified to physiologic conditions, this effect 
can be avoided (56). 

Carbon dioxide (CO2) has been the preferred gas since the introduction of laparoscopic 
techniques. It is endogenous, easily soluble in tissues and blood, non-combustible and 
readily eliminated through pulmonary ventilation. However, CO2 has a side effect as a 
result of its acidifying capacity, in reacting with water to form carbonic acid. Systemic 
acidosis is a consistent finding with CO2 pneumoperitoneum (57), and local peritoneal 
pH as low as 6.2 has been observed in humans (unpublished data from pilot-study). 
Alternative gases have been considered (58), and helium (He) seems to be safe, as it is a 
small molecule that easily penetrates tissue, apparently without creating gas embolism 
(59). It is also non-combustible and does not create acidic conditions in contact with 
water. Furthermore, it is believed to be advantageous concerning tumour growth (60), 
inhibiting tumours cell progression in vitro.

PERITONEAL HYPOXIA

!e use of a monomolecular non-oxygen gas for creation of pneumoperitoneum chang-
es intra abdominal conditions and possibly creates a hypoxic environment on the peri-
toneal surface. !is has been investigated by Molinas et al. In experimental models in 
rabbits and mice, the addition of oxygen (O2) to the insufflation gas resulted in less 
adhesion formation than CO2 or He alone (61, 62). Adhesion scores also increased 
with prolonged exposure time and increased intra abdominal pressure. In these studies 
no differences in adhesion formation was seen comparing CO2 and He. Molinas also 
showed that the positive effect of O2 was absent in mice deficient for hypoxia inducible 
factor (HIF), adding evidence to the hypoxia theory (63). 

PERITONEAL DISTENSION

Peritoneal distension undoubtedly occurs during pneumoperitoneum, and may create 
local peritoneal hypoxia, possibly inducing ischemic trauma for the mesothelial cells. 
However, there is evidence of increased peritoneal blood-flow during CO2 pneumo-
peritoneum, an effect not present using He (64). !ere is also evidence of increased 
oxygen tension in the rat abdominal wall during pneumoperitoneum with CO2, but 
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not with air or at laparotomy (65). !ese effects might potentially balance the hypoxic 
effect of abdominal wall distension, at least when a moderate intra abdominal working 
pressure is used. Both studies used low working pressures, relevant to the respective ani-
mal model. In the studies by Molinas, quite high intra abdominal pressures were used; 
11 mm Hg for mice and 15 mm Hg for rabbits. In modern laparoscopic surgery in 
patients, intra abdominal pressure is not allowed to exceed 12 mm Hg, and 10-11 mm 
Hg is often used to minimise circulatory side effects. However, abdominal wall oxygen 
tension during laparoscopy has not been investigated and correlated to different intra 
abdominal working pressures in man. 

PERITONEAL PH
Peritoneal pH has been shown to decrease during laparoscopy using CO2, but not using 
He or N2O. Changes in pH are typically significant biologic events, but the impact of 
a mild acidosis on peritoneal mesothelial cell function, or on the integrity and function 
of local proteins and enzymes is not known. However, both t-PA and PAI-1 seem to be 
stabilised into active conformations during acidification (49, 66). !e choice of laparo-
scopic gas might therefore be important for postoperative tissue repair and adhesion 
formation.

LAPAROSCOPIC SURGERY FOR MALIGNANCY

During the initial stage of laparoscopy, the technique was thought to induce more sec-
ondary tumour take than open surgery, indicated by the occurrence of port-site metas-
tasis (67-69). !e use of laparoscopic surgery for cancer was questioned, and officially 
only to be performed within trials (70). Since then, numerous experimental studies 
have been performed trying to mimic the laparoscopic situation, mainly in animals 
but also in vitro. Different gases have been utilised, which showed that CO2 seemed 
to enhance tumour cell growth both in vitro and when free floating malignant cells 
were injected into the peritoneal cavity of animals (71-74), whereas helium seemed to 
inhibit the growth of malignant cells (60, 74). Increased flow of gas or increased intra 
peritoneal working pressure seemed to intensify tumour take (75, 76). On the other 
hand, other studies demonstrate a toxic effect of CO2 on rat colonic cancer cells (77) 
and an equal spread of cancer cells injected into the portal vein in rats prior to CO2 
or He pneumoperitoneum (78). Lecuru et al showed no differences in circulating tu-
mour DNA in rats comparing laparotomy with CO2 or gasless laparoscopy (79). !ese 
studies were all performed in animal models or in vitro, therefore postulating clinical 
outcome remains a challenge. !e better preserved immune response in man after lap-
aroscopy, as compared with open surgery, also needs to be taken into account (8, 10).  
Due to conflicting results from experimental studies evaluating the oncological con-
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sequences of laparoscopic surgery, a conclusive inference on tumour growth or spread 
cannot be made. 

Several recent clinical studies and series, where colonic/rectal resections for colorectal 
cancer have been performed with laparoscopic technique or laparoscopic assistance, 
show encouraging results (80-85). Technical and short-term results show that laparo-
scopic resections for colorectal cancer is feasible, safe and with quicker patient recovery. 
Sufficient patients and follow-up time support the conclusion that laparoscopic surgery 
also is oncologically safe in colonic cancer surgery (85). In addition, data from the Ger-
man register for incidental diagnosis of gallbladder cancer show slightly longer survival 
for patients operated laparoscopically (86), compared with those operated with open 
surgery. 

!e sequence following upon the reports of ”port-site metastasis” was scientifically 
sound. Four different large randomised trials of the effects and safety of laparoscopic 
surgery for colonic or colorectal cancer were undertaken. !us, this important clinical 
area has undergone trials in a way that is very unusual for new surgical techniques. Paper 
II and III can be regarded as part of this scientific activity.

LAPAROSCOPIC SURGERY AND PERITONEAL FIBRINOLYSIS

When the current investigations were initiated, little was known about peritoneal fibrin-
olysis during laparoscopic surgery. For this thesis, we sought to investigate the impact of 
different aspects of the laparoscopic milieu, including time, on peritoneal fibrinolysis. 
Since then, and during this work, a small number of human studies have been published 
on the subject, showing somewhat contradictory results (87, 88). !ese data will be 
presented together with our in vivo findings in the discussion section. 
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HYPOTHESIS

Laparoscopic surgery induces a specific environment in the perito-
neal cavity, possibly influencing peritoneal biology. 

For investigations, this hypothesis was broken down into the following sub-hypotheses: 

2 influences mesothelial cell fibrinolysis
2 has biological effects and the inert gas He could therefore be favourable

AIMS

!e aims of this thesis were to investigate the peritoneal and mesothelial cell fibrinolytic 
response to biologic conditions created during pneumoperitoneum and laparoscopic 
surgery. 

I. To compare peritoneal fibrinolytic response during open and laparoscopic 
 cholecystectomy in patients.

II. To investigate secretion of fibrinolytic proteins from mesothelial cells in vitro, 
 exposing them to CO2 during experimental conditions.

III. To investigate the effect of acidic conditions on mesothelial cell PAI-1 
 expression and production in vitro.

IV. To create a reliable method for measuring peritoneal pH and to validate it 
 comparing peritoneal and systemic pH during pneumoperitoneum using 
 CO2 or Helium in a porcine model.

V. To investigate and compare peritoneal fibrinolytic response and peritoneal pH 
 during gas insufflation and laparoscopic cholecystectomy in patients, randomised  
 to CO2 or He as working gas.
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MATERIAL AND METHODS

TISSUE SAMPLING
PAPER I & V

Human peritoneal tissue was sampled for protein assays in both studies.  
In study I, tissue samples at start and conclusion of each open or laparoscopic pro-
cedure were obtained. In the open surgery group sampling took place immediately 
after opening of the abdominal cavity and at the end of surgery, just before closure. 
In the laparoscopic group tissue sampling took place immediately after establish-
ment of pneumoperitoneum and just before exsufflation. Samples were taken with 
scissors in the open procedures and with biopsy forceps in the laparoscopic pro-
cedures. !is sampling method for laparoscopy was chosen, as it was swift and 
easy to perform. However, it rendered smaller samples and resulted in differenc-
es in tissue handling, possibly confounding comparisons between the two groups. 
In study V all patients were operated laparoscopically, using different gases and all tissue 
sampling was performed using scissors. !e initial tissue samples were taken with open 
technique in a small incision at the umbilicus, to create a baseline before entering the 
abdominal cavity. After port placement in the incision, gas insufflation was performed 
and the subsequent samples during the laparoscopic procedure were obtained using 
laparoscopic scissors. !us, we believe the sampling methodology in the second clinical 
study was improved, as there were no systematic methodological differences in sampling 
technique between the groups. 

TISSUE PROCESSING
PAPER I & V

Further tissue processing was required for biochemical analyses of the obtained samples. 
All tissue samples were immediately snap-frozen in liquid nitrogen and stored at -70°C 
until processed in batches. Batch processing was used both to increase the reproducibil-
ity of the results and the laboratory efficiency. 

After thawing, samples were weighed and homogenised using an Ultra-Turrax ho-
mogeniser and the protein fraction was extracted as previously described (32, 89).  
Homogenisation of tissue and extraction of proteins is a well-established method in our 
laboratory (32, 89), performed on a daily basis by an experienced lab technician, and has 
been used in many studies. It enables evaluation of the amount of proteins present at a 
certain site at a certain time, giving a snapshot of local conditions. In previous studies 
(32, 52, 90), as well as in the current studies, tissue sampling has been used to compare 
the peritoneal fibrinolytic capacity at different stages of surgery, in different procedures, 
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and using different operating techniques. !e method of tissue homogenisation and 
measuring of different target molecules in the supernatant is well established, and com-
monly used by research groups analysing tissue proteins. 

MESOTHELIAL CELL CULTURE
PAPER II & III

For in vitro cell culture experiments, human peritoneal mesothelial cells were isolated 
from peritoneal fluid to create a human primary cell culture, as close to physiologi-
cal conditions as possible. Our technique for harvesting and culturing of mesothelial 
cells has developed over a decade (25), and has been used in several studies (91, 92).  

Briefly, peritoneal mesothelial cells are harvested during open elective surgery and cultured 
under standardised conditions until the 2nd or 3rd passage, when they are used for experi-
ments. To confirm the mesothelial characteristics of the cell culture, cell identification is 
performed using standard immunofluorescence technique (25, 93, 94). Methodological 
details are described in the present papers II and III and in the work by Ivarsson et al (25). 

For both experiments, cells were sub-cultivated on 8-well plates, and one plate was used 
for each exposure. Medium for protein analyses was sampled separately from each well, 
creating eight different observations. 

All cells used in the current studies were primary cultures of human cells, and all ex-
periments were performed at cell confluency after the 3rd passage, aiming at a relevant 
in vitro model. Primary culture of human cells, as compared to transformed continu-
ous cell-lines, is the closest an in vitro model can get to the clinical human situation. 
Cells should be allowed to grow and expand reaching confluency, contacting each other 
and forming a continuous mono-layer, before experiments. !is allows them to change 
properties from regeneration and repair into their physiological steady state and more 
normal functions (26). It is also important to use cells from early passages. If mesothe-
lial cells are allowed to grow into further passages their phenotype will approach that 
of peritoneal fibroblasts, and will change characteristics (25, 26). !e fibroblasts can be 
identified by microscopy and are also tested for in the immunoflourescence panel. To 
make sure a pure cell culture was used for experiments, all cells were manually checked 
in the microscope on a daily basis, allowing for the detection of bacterial contamination 
or fibroblast ingrowths. Mesothelial cells look similar to endothelial cells by microscopy 
(26). To eliminate a potential mix-up, an antibody against the v.Willebrand factor was 
used. Having taken all these precautions, we judged our cultures to be pure mesothelial 
cells at the start of the experiments.
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Despite all measures to create a realistic cell-model, the in vitro situation can only show 
what cells are capable of doing without surrounding regulations and physiologic in-
teractions. However, in vitro experiments may give answers about cell functions and 
clues about clinical reactions impossible to deduct in the complex “real” situation. !is 
information increases our basic knowledge, leading us to sharpen our hypotheses and to 
direct our questions. In this sense, the “simplified” situation of cell culture experiments 
may lead to improved understanding of biological mechanisms. 

IN VITRO CELL MODELS
PAPER II & III

In both studies cells were sub-cultivated onto 8-well plates at the 3rd passage and experi-
ments were performed when confluency was achieved. 

In paper II, fresh medium was supplied just before the exposures and the cells were divided 
into several subgroups. To mimic laparoscopic ambient conditions, two sets of cells were 
placed in a specially built, airtight plastic box attached to a Wolf automatic laparoscopic 
CO2 insufflator. One group was exposed to a continuous flow (1l/min) of CO2 during 90 
minutes, the other to CO2 with a constant pressure of 14 mm Hg, also for 90 min. One set of 
cells placed on the lab-bench and another left in the incubator served as controls. Measure-
ments of medium pH, sampling of medium for protein analyses and harvesting of separate 
cells for mRNA detection, was performed at three time-points. (For details see paper II) 

When designing this experiment in 1998, local recommendations for laparoscopic pro-
cedures were taken into account. Intra abdominal pressure levels as high as 14 mm Hg 
were often used clinicallly, and even considered standard of care. It was also the preset 
level of the insufflators at our department. !e flow rate of 1l/min may seem to be low, 
but during a period of 90 minutes the cells were exposed to 90 litres of CO2, an amount 
similar to what is used during a laparoscopic procedure. An exposure time of 90 minutes 
was chosen, as this actually was the mean operating time for laparoscopic procedures at 
our hospital in 1997. 

Peritoneal gas exposure during laparoscopy in vivo can be divided into the flow of gas 
with its cooling and dehydrating effect, and the chemical exposure to gas. !is in vitro 
experiment was undertaken to explore the fibrinolytic response of the isolated meso-
thelial cell when exposed to flowing or pressurised CO2. One of the interesting but not 
surprising findings in paper II was the significant acidification of cell culturing media 
caused by exposure to CO2. Given this might be an important factor affecting mesothe-
lial cell fibrinolytic response, the next in vitro experiment was setup. 
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In paper III, cells were exposed to medium of differing pH (6.0 -8.0) for 90 minutes. 
!ree samples for protein assays were taken during this time. !e altered exposure-
medium was replaced by fresh neutral medium and the plates returned to the incubator. 
Recovery samples of the medium were obtained at 1, 5 and 24 hours. Monitoring of 
the mesothelial cell response during the recovery phase is not possible in vivo. In vitro 
samples taken in the immediate recovery phase (1 h), at an intermediate phase (5h) and 
in the late phase (24 h) made assessment of this period possible. !e chosen time-points 
also enabled comparisons with previous studies. Based on the results from this initial 
phase, and to better compare physiologic and laparoscopic peritoneal ambient condi-
tions, a second set of experiments was undertaken. Mesothelial cells were exposed to 
medium with pH 6.4, to mimic laparoscopy, or 7.4, which is physiologically neutral. 
Sampling for protein analyses took place twice during the exposure, after which the 
medium was changed as in the first phase. Follow up samples were only withdrawn at 5 
hours of recovery as the first phase showed no differences at 1 h or at 24 hours. Sampling 
from cell cultures at 24 hours might be questioned, as there is a situation of accumula-
tion in the culturing well where no elimination of proteins or other substances takes 
place. Results from the first phase at 24 hours of recovery revealed 10 times higher PAI-1 
concentrations than at 5 h, with no differences between groups. A similar situation was 
shown at 24 hours in paper II. Separate sets of cells were also harvested at 90 minutes of 
exposure and at 5 hours post-exposure. !ey were used for c-DNA preparation aiming 
at mRNA detection. We assumed that any changes in coding for protein production 
would take place in the immediate post exposure period and chose the time-points ac-
cordingly.

PROTEIN ASSAYS
PAPER I III & V

All assays of fibrinolytic proteins were performed using commercially available ELISA 
kits, following measures previously established in our laboratory (89), which also ad-
hered to established quality assurance policies. !e assays were run by two experienced 
laboratory technicians and all samples were analysed in duplicates. !e standard curve 
for assay was evaluated using internal control samples. Final absorbance was read in an 
automatic plate reader, which was the same for all analyses (V-max from Molecular De-
vices). To standardise the results, and to make comparisons with other studies possible, 
concentrations of fibrinolytic proteins and their activities, were normalised to the total 
protein contents of each sample (89). Assays of the total proteins were performed using 
a chromogenic assay (DC Protein assay, Bio-RAD Hercules, CA, USA).
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T-PA, PAI-1, UPA
PAPER I –III & V

!e same commercially available ELISA assays were used in all studies. !ey were cho-
sen because of our considerable experience with them, and they had been shown to give 
reproducible results. !e accuracy of these assay results stay within a variance of 5-8% 
(CV). When the obtained results are used for statistical comparisons, the inference of 
them is also dependent on the degree of significance. !e implication of this is that with 
a p-value below 0.01 a variance in assay results of 5-8% does not interfere, but with p-
values close to 0.05 conclusions should be made more cautiously. 

T-PA ACTIVITY AND PAI-1 ACTIVITY
PAPER I, III & V

To analyse the active fraction of t-PA, the t-PA activity, and the active fraction of PAI-1, 
the PAI-1 activity, chromogenic ELISA methods were used; the Chromolyze tPA and 
PAI-1 from Biopool Umeå. In these activity assays, the active site of the protein is not 
blocked by primary binding but exposed to the substrate for enzymatic action added in 
the next step, thus creating an assay where the targeted enzymatic activity is first com-
pleted and then quantified. 

In paper V, peritoneal PAI-1 activity was analysed but omitted from further inference, as 
most of the results were below the lower limit of detection. After completion of ELISA 
analyses all values are related to the standard curve of the assay and results below the 
curve are considered non-conclusive. With low values, small differences in light absor-
bance generate unreliable differences in numerical values and the method cannot mea-
sure values within 2SD from zero, and not absorbances < 0.05. If just a few values fall 
below the detection limit, they can be estimated to zero, when compared to other values. 
However, if the majority of results gather below the detection limit, they are not to be 
considered as zero since zero actually is difficult to define. Typically they are referred to 
as being below the detection limit. 

MRNA DETECTION
PAPER II & III

During the course of these experiments, the technique for detecting mRNA was refined, 
requiring less manual work, resulting in less time consuming analyses, and probably 
with higher accuracy in quantification. Detection was performed with two different 
techniques in the two studies: a more manual technique in paper II and an automatic 
technique in paper III. All mRNA detection was performed in our laboratory by a spe-
cialist technician, trained to perform these assays. !e technical change was judged to 
improve the quantification of mRNA.
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In both papers, the total cellular DNA (c-DNA) was isolated immediately after sampling 
and frozen at -70°C for later mRNA detection in batches. In paper II, mRNA detection 
was performed with the more manual technique where the PCR products are separated 
on an agorse gel, which is photographed and analysed digitally for band-intensities. For 
detail see paper II. In paper III a quantitative real time PCR was performed using the 
Smart Cycler system, details are presented in paper III. 

Quantification of cell specific mRNA reveals the transcription of a protein not yet ex-
pressed in the tissue or in vitro. !e analysis makes it possible to get clues about biologic 
processes being triggered by a certain stimuli or event, thus giving further clues about 
its physiologic impact.

ANIMALS
PAPER IV

In study IV, a total of 24 pigs (27-42 kg) were used. !ey were anesthetized and intu-
bated using ketamine and midazolam and general anaesthesia was maintained using 
inhalation with a predetermined standardized ventilation; tidal volume of 0.225 litres, 
frequency 15/min, to allow for monitoring and comparison of changes in systemic pH. 
!e first four pigs were used for an exploratory phase of this study, where different 
methods of measuring pH on the peritoneum were tried out. !e next 20 pigs were 
used for the evaluation study, comparing peritoneal pH using CO2 or He for induction 
and maintenance of pneumoperitoneum. All animals were sacrificed at the end of the 
procedure.

MEASUREMENTS OF PERITONEAL PH
PAPER IV & V

!e task of measuring pH on the peritoneal surface was actually a greater challenge than 
anticipated. Firstly, there are no devices or probes intended for this purpose or for sterile 
human use available. Secondly, the probe has to be attached to the peritoneum in order to 
reliably measure a specific location during laparoscopy. !e attachment should be quick 
and easy to perform, with minimal operating time, give a location of the probe-eye on to the 
peritoneum and stay in place during the entire procedure, despite insufflation and flush-out. 
For these reasons we designed a pilot study to establish a way of performing mea-
surements of peritoneal pH. We also wanted to evaluate our method comparing lap-
aroscopy using CO2 as a potentially acidifying gas and He as a non-acidifying gas.  
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A pH electrode with external reference intended for measurements of 24-hours-oesoph-
ageal-pH (Slimline, 1 channel, Medtronic Synectics), was evaluated in liquids holding 
different pH. As it was considered stable in the anticipated pH range, animal studies 
with different electrode placements were undertaken. Two electrode placements, allow-
ing pH measurements during both gas insufflation and laparoscopy, one preperitoneal 
and one on the peritoneal surface, were selected. 

In paper IV, the two electrode placements were used simultaneously in all animals. Ini-
tially, a small incision was made at the umbilicus, allowing further manipulations. Fol-
lowing this, the first electrode aimed for preperitoneal placement was inserted through 
the abdominal wall in the lower right quadrant. It was introduced until digitally de-
tectable from the inside of the cavity and placed just beneath the peritoneum. !e 
second electrode, for measuring pH on the peritoneal surface, was introduced through 
the umbilical incision and held in place facing the peritoneum. After completion of gas 
insufflation, it was relocated and placed through the abdominal wall and laparoscopi-
cally fixated with clips onto the peritoneal surface. Measurement of peritoneal pH was 
carried out during gasinsufflation, pneumoperitoneum (30 min) and recovery period 
(30 min), using CO2 in the first ten pigs, followed by He in the subsequent 10 pigs.  

Animals were not randomised for logistical reasons. !e animal facility is located far 
from our laboratory. He use required the He-gas-container to be transported with spe-
cial transpo-tation across town. As the purpose of these measurements mainly was to 
evaluate electrodes and electrode placements comparing an acidifying gas with a non-
acidifying, we decided that with a standardised set-up, a protocol with operation in two 
cohorts would suffice. 

As the two electrode placements showed similar results, the preperitoneal placement was 
chosen for study V. !is placement was technically easy and quick to achieve and the 
electrode stayed in place during the procedure. !e reason for not choosing the perito-
neal placement was the more complicated placing, taking considerably longer time to 
perform. 

In paper V, an electrode for measuring pH was inserted and placed in the preperitoneal 
space before start of gas insufflation, using the method described above. !e electrode 
was then left in place during both gasinsufflation and laparoscopic cholecystectomy. 
For human use, the pH electrodes were sterilized using the SterradTM technique, as it 
was considered better to use a technique with lower temperature, not to melt the plastic 
sheath of the probes. However, the magnetic field utilised for dissolving the peroxide gas 
seemed to affect electrode calibration causing a parallel shift in the returned numerical 
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values. After in vitro evaluation of the sterilized electrodes showed reproducible values, 
we decided to use them, but to present data as a percent of initial value in each case. 

MEASUREMENT OF ARTERIAL PH
PAPER IV & V

Arterial blood sampling was performed in order to investigate the systemic reflec-
tions of changes in peritoneal pH. Available clinical automatic blood gas read-
ers were utilised in both studies. Arterial blood was sampled at specific time-
points and immediately analysed according to the manufacturers instructions.  
For paper IV a Radiometer ABL 725 blood gas analyser available at the animal facility 
was used. For paper IV, we used a Radiometer ABL 700 Blood gas analyser system avail-
able in the ICU at the hospital.

RANDOMISATION AND SURGICAL SET-UP
PAPER V

!irty patients on the waiting list for elective cholecystectomy were randomized to lap-
aroscopic surgery using either CO2 or He as working gas. !e two groups were compa-
rable in age, morbidity and body surface area. 

To be able to use He for gas insufflation, several technical devices as well as the gas-
container had to be exchanged before start of surgery. !erefore, the patients were ran-
domised to the use of either CO2 or He on the morning of the day of surgery before 
any preoperative preparations began. !e group allocation then became obvious in the 
OR, which was acceptable as the surgeons needed to be aware of which equipment 
was used, as the insufflator worked differently with the two gases. !e different physi-
cal properties of the gases, with He being volatile, filling the abdominal cavity at a 
slow rate and continuously diffusing into tissues, also made the gas-assignment evi-
dent during surgery. !e anaesthetist was not aware of which gas was used, but could 
determine this from the equipment used. Given the different properties of the gas-
es during surgery, blinding would not have been possible. !e knowledge of group 
allocation was assessed not to have influence on the results as the entire set-up with 
measurements and sampling was strictly standardised. !e patient was not informed 
of group allocation, before or after the procedure. Group allocation was not disclosed 
until the postoperative follow-up, long after samplings and measurements were taken. 

Initial calibration of the pH electrode, initial tissue sampling and placement of the 
electrode was performed by the two participating surgeons together, before one of them 
proceeded with the laparoscopic cholecystectomy, using a standard four-trochar setting 
with hook electro-cautery. 
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ELIMINATION OF CO2
PAPER V

In all patients, controlled ventilation was maintained using a technique with low-
flow (95) of fresh gas, keeping the end-tidal VCO2 at 5%. During laparoscopy, this 
usually means increasing ventilation during the procedure to compensate for the in-
creasing uptake of CO2, and subsequent changes in acid-base balance. To control this 
factor and to be able to evaluate the trans peritoneal uptake of CO2, we quantified 
the ventilatory elimination of CO2 (VCO2), for patients in both treatment groups.  

For these measurements, a canister was inserted in the expiratory line to obtain mixed 
gas concentrations. Ports permitted sampling of inspired, end-tidal and mixed expired 
gas. Gas sampling was performed every 5 minutes during stabilisation of the anaesthesia, 
before start of surgery and during the entire procedure. !e VCO2 was then calculated 
for each patient and normalised to body surface area (litres/min/m2), using the method 
described by Mosteller et al (96).

One of the questions regarding peritoneal acidification during laparoscopy has been 
whether it is a primarily local CO2 effect, or an effect secondary to peritoneal disten-
sion and hypoxia. In this study, the comparison between pneumoperitoneum created 
with CO2 and He makes it possible to suggest a theory. For both groups, the same 
intra abdominal pressure was maintained (11 mmHg), creating comparable degrees of 
abdominal wall distension and the same degree of peritoneal distension. Both gases 
were equally hypoxic. Changes in peritoneal pH were immediate upon CO2 exposure 
and were followed by a slightly delayed increase in CO2 elimination rate, differing from 
He at 10 minutes of gas exposure. !ere was also a slight decrease in systemic pH after 
completion of CO2 insufflation. All of these factors point towards immediate local peri-
toneal formation of carbonic acid when exposed to CO2, followed by a trans peritoneal 
uptake of CO2, affecting systemic pH and the CO2 elimination rate.

STATISTICS

Non-parametric statistical methods were used for the majority of tests in all papers. For 
comparisons between related samples the Wilcoxon signed rank test was used and for 
non-related, the Mann-Whitney-U test. For multiple comparisons the non-parametric 
Kruskall-Wallis test was used in all papers but paper II, where the parametric analyses 
of variance, the ANOVA, was used followed by the post-hoc Fischer’s PLSD test. Least 
square linear regression was used to investigate correlations with time and other factors. 
Values are presented as mean ± 2SD.
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RESULTS

PAPER I
To get an understanding of potential differences or similarities with conventional open 
surgery, the peritoneal fibrinolytic response in laparoscopic surgery was investigated. 
Peritoneal fibrinolytic capacity in tissue samples obtained at the beginning and conclu-
sion of open and laparoscopic cholecystectomy was compared. A significant peropera-
tive decrease in t-PA activity was recognized in both groups, with no differences between 
open and laparoscopic surgery at start or conclusion of the procedures (Fig 2). !e 
laparoscopic procedures were quite lengthy, operation time averaged 90 minutes during 
the study, which might influence the t-PA results. !e peritoneum responded similarly 
to the two techniques from a fibrinolytic activation perspective. 

Figure 3: Peritoneal PAI-1 in tissue samples ob-
tained at start and conclusion of laparoscopic or 
open cholecystectomy. At start of surgery there were 
higher levels of PAI- in the laparoscopic group 
(p=0.004), but at the end of surgery PAI-1 in the 
open group had increased and no remaining differ-
ences could be shown (p=0.29).

Figure 2: Peritoneal t-PA activity in tissue samples 
obtained at start and conclusion of laparoscopic or 
open cholecystectomy. A significant decrease during 
surgery was shown in both groups (p=0.02 for lap-
aroscopy and p=0.01 for laparotomy).
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We also found higher tissue concentrations of PAI-1 at the start of the laparoscopic 
cholecystectomy than at the start of the open procedure (Fig 3). However, at the end of 
the procedures PAI-1 levels in the open group had increased and there were no remain-
ing differences. !is study was designed to give an overall observation of the peritoneal 
response during laparoscopy and the cause of these findings remained unclear. However, 
as the first peritoneal sampling in the laparoscopy group (opening sample) was per-
formed after the intervention of CO2 insufflation, the gas exposure might be an explana-
tion. To address this, the experiment presented in paper II was designed.

PAPER II
During laparoscopy, the peritoneum is exposed both to the flow of the insufflated gas 
and the gas itself with its chemical and physical properties. To investigate the mesothelial 
cell response to these two challenges, the following in vitro experiment was conducted. 
Cultured human mesothelial cells were exposed to either flowing or pressurised CO2 

while untreated control cells were kept on the lab bench or in the cell incubator. !ese 
results show that flowing CO2 induces an immediate release of both t-PA and PAI-1 
from the mesothelial cells (Fig 4 & 5). At 5 hours post exposure, most release of t-PA 
came from cells exposed to either flowing or pressurised CO2, but most PAI-1 release 
came from the untreated cells kept in the incubator. 

Figure 4: t-PA concentra-
tions in culture media im-
mediately post exposure 
and 5 hours post exposure. 
Immediately post exposure 
the highest t-PA levels were 
found in the CO2 flow group 
(p<0.001). At 5 hours post 
exposure the highest t-PA 
levels were still found in the 
CO2 flow group (p<0.001).
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Analysing mRNA coding for PAI-1 at 5 hours post exposure, cells exposed to flowing 
CO2 showed 20 times more mRNA copies than both control groups. In comparison, 
cells exposed to pressurised CO2 showed only the double amount of mRNA copies as 
the controls. !ese observations indicate that the flow of CO2 or large amounts of CO2 

induce PAI-1 transcription. !e amount of t-PA mRNA did not change during the 
experiment, indicating that neither the flow of gas nor the gas itself stimulate t-PA tran-
scription. !e t-PA results imply that CO2, by itself or by its flow, stimulates release of 
t-PA from the mesothelial cells, but does not stimulate to an increased t-PA production. 
!ese findings suggest that CO2 initially adds t-PA to the abdominal cavity, but does not 
further interfere with plasminogen activation

Figure 5: PAI-1 concentrations in cul-
ture media immediately post exposure 
and 5 hours post exposure. Immediately 
post exposure the highest PAI-1 lev-
els were found in the CO2 flow group 
(p<0.001). At 5 hours post exposure the 
highest PAI-1 levels were found in the in-
cubator control group (p<0.001).

Figure 6: Specific mRNA expression/µg 
total RNA. mRNA for PAI-1 in the CO2 
flow group was up regulated at 5 hours 
compared with all the other groups. At 
24 hours post exposure, the PAI-1 expres-
sion did not differ between groups.
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Another finding in this study was the differences in pH in culturing medium after the 
different exposures. An immediate acidification was recorded in cells exposed to CO2, 
which was most pronounced in the CO2 flow group, indicating an acidification in the 
mesothelial environment by CO2 (Fig 7). Moreover, the results suggest that the degree 
of acidification is related to the amount of CO2, since the acidification was most pro-
nounced in the group exposed to the largest amount of gas. !ese results also show a 
recovery in medium pH after returning the cultures to the incubator, indicating a buff-
ering potential even in vitro.

Figure 7: pH in culture media immediately post exposure, at 5 and 24 hours post exposure.

Maria Bergstro�m Ram.indd   22 07-11-12   08.30.30



23

PAPER III
Considering the changes in pH after exposure to CO2, we sought to investigate the role 
of acidification as a stimulant for PAI-1 release and production. Cultured mesothelial 
cells were exposed to medium that had been acidified using HCl. !is experiment was 
undertaken in two phases. In the first phase, medium with pH range between 6.0 and 
8.0 were tested. To investigate whether there were differences between acidic, neutral 
and alkalotic environments acidic treatment-groups were put together (pH 6.0, pH 
6.5 and pH 7.0) and compared with pH 7.4 (neutral) and 8.0 (alkalotic). !is revealed 
an increased PAI-1 secretion to conditioned media at 5 hours post-treatment from the 
mesothelial cells exposed to an acidic environment (p=0.040 Fig. 8), but no differences 
could be detected at any of the other time-points.

In the second phase, mesothelial cells were exposed to medium conditioned to pH 6.4, 
to mimic the laparoscopic situation and compared with the physiologic pH 7.4. Both 
concentrations of PAI-1 antigen as well as the PAI-1 activity were investigated. At 60 
and 90 minutes of exposure, there was more PAI-1 secreted in medium of cells treated 
with medium of a physiologically neutral pH, but at 5 hours post exposure there was 
no difference (Fig. 9). !e PAI-1 activity in medium from cells treated with pH 7.4 ex-
ceeded that of cells treated with pH 6.4 at 60 min of exposure. Interestingly, at 90 min 
this difference had disappeared and at 5 hours post-exposure the initial difference was 
reversed, with PAI-1 activity in medium from cells treated with pH 6.4 exceeding those 
treated with pH 7.4. (Fig. 10) 

Figure 8: PAI-1 concentration 
in media comparing acidic en-
vironment (pH 6.0, pH 6.5, 
pH7.0) with neutral (pH 7.4) 
and alkalotic (pH 8.0). !ere 
was an increased PAI-1 secretion 
into the media from cells exposed 
to acidic pH at five hours post 
exposure, as compared to neutral 
and alkalotic pH (p=0.040).
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At completion of the 90 minutes exposure period, the mRNA copies coding for PAI-1 
in cells treated with pH 6.4 were more than twice as many as those from cells treated 
with pH 7.4. !is difference remained at 5 hours post exposure.

 

Figure 9: PAI-1 in cell culturing 
media at 60 and 90 minutes of 
exposure and at five hours post ex-
posure. !ere was significantly more 
PAI-1 in media from cells exposed 
to pH 7.4 at 60 and 90 minutes of 
treatment (p=0.02 at 60 min. and 
p=0.003 at 90 min.). At five hours 
post treatment there was no remain-
ing difference between the groups.

Figure 10: PAI-1 activity in cell cul-
turing media at 60 and 90 minutes 
of exposure, and at five hours post-
exposure. At 60 minutes there was 
more PAI-1 activity in cells treated 
with pH 7.4 (p=0.03), at 90 min-
utes this difference had disappeared 
and at five hours post treatment 
there was more PAI-1 activity in 
cells treated with pH 6.4 (p=0.04).

Figure 11: Template copy number/
total RNA from real time PCR re-
action. More than twice as many 
mRNA copies for PAI-1 were seen 
in cultured mesothelial cells treated 
with pH 6.4, compared with cells 
treated with pH 7.4 at 90 min. !e 
difference remained at five hours 
post exposure.
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!ese in vitro findings (papers II and III) of an increased production of mRNA coding 
for PAI-1 in cells exposed to large amounts of CO2 (paper II) or to medium of lower 
pH (paper III) is interesting, but difficult to correlate to in vivo findings. An increased 
mRNA quantity for a certain protein shows that synthesis of this protein has been initi-
ated. It is well known that mesothelial cells in vitro can secrete large amounts of PAI-1 
into medium (25), but we know little about what happens in the peritoneum after sur-
gery. Investigations on drain fluids have been performed to address this question. In two 
recent randomised studies fibrinolytic markers were analysed immediately after surgery 
and at 24 and 48 hours post open or laparoscopic procedures (97, 98). Both studies 
showed increasing PAI-1 levels post surgery, with no differences between groups. !ese 
results are both in line with our in vitro findings and somewhat conflicting, as PAI-1 
levels increased to a similar extent regardless of CO2 exposure. 

PLANNING FOR PAPER IV AND V
To further characterise peritoneal fibrinolysis during laparoscopy, a human study was 
planned. As acidification might influence the peritoneal fibrinolytic response, we sought 
to design a study also controlling for peritoneal acidification. Patients were randomised 
to the use of He, a non-acidifying gas versus CO2, and simultaneous peritoneal pH mea-
surements were planned. During this work we realised that measurement of peritoneal 
pH was technically difficult and decided to perform an animal trial evaluating methods 
for these measurements. 
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PAPER IV
!e first aim of this study was to determine positioning of the pH probe on the peri-
toneal surface that would be mechanically stable and give reproducible pH values 
both during gas insufflation and laparoscopic surgery. Two different placements were 
judged to function well for measurements and to be relatively easy to accomplish. 
!e first placement involved initial measurements on the peritoneal surface through the 
small umbilical incision during insufflation, followed by attachment of the electrode 
with clips onto the peritoneal surface (Fig. 12a) when pneumoperitoneum was estab-
lished. !e second placement was preperitoneal, where the probe was inserted before gas 
insufflation through the abdominal skin, fat and muscle layers and placed just under-
neath the thin peritoneal surface (Fig. 12b). 

 

Figure 12a: Pre-peritoneal pH electrode placed in 
the pre-peritoneal space.

Figure 12b: Peritoneal pH-electrode attached to 
the peritoneum with laparoscopic clips. 

To evaluate the measurements and results achieved by these electrode placements, they 
were used simultaneously during gas insufflation, 30 minutes of pneumoperitoneum 
and 30 minutes of recovery, with either CO2 or He. 
Continuous monitoring of peritoneal pH showed an immediate drop in pH, down to 
6.7 within 2 min during gas insufflation using CO2, and a slight increase in pH using 
He (Fig. 13). !e decrease was attenuated with CO2 during the period of pneumo-
peritoneum (reaching pH 6.4), but after exsufflation of gas, pH recovered. With He, 
peritoneal pH was slowly normalised (Fig.13). !e two placements of electrodes gave 
similar results, therefore the swift preperitoneal placement was chosen for further in-
vestigations. Peritoneal changes in pH were mirrored in the arterial pH values achieved 
before and after gas insufflation, at the end of the pneumoperitoneum period and at the 
end of the recovery period (Fig. 14). 
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Figure 13: Peritoneal pH in both groups at four time-points, showing both peritoneal and pre-peritonealt mea-
surements. !e two measuring techniques gave similar values, showing that pre-peritoneal pH well reflects peri-
toneal pH. !ere was no difference between groups before gas insufflation. After gas insufflation and after steady 
state, peritoneal pH was significantly lower in pigs exposed to CO2 (p=0.001), a difference that disappeared 
during the recovery period.

Figure14: Arterial pH in both groups at four time-points. !ere was no difference between groups before gas in-
sufflation. After gas insufflation and after steady state, arterial pH was significantly lower in pigs exposed to CO2 
(p=0.004 and p=0.02), a difference that disappeared during the recovery period.
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PAPER V
Peritoneal pH was monitored during both gas insufflation and the laparoscopic proce-
dure. As expected, there was a significant decrease in peritoneal pH during gasinsuffla-
tion using CO2, but no changes using He (Fig. 15). !e drop in pH noticed during CO2 
insufflation continued during the cholecystectomy, stabilising after 20 minutes at about 
92% of initial pH values. 

Figure 15: Peritoneal pH during gas insufflation and laparoscopic surgery. pH is given as percent of initial values. 
In patients operated with CO2 there was an immediate drop in peritoneal pH to 94% of initial value during 
insufflation Pneumoperitoneum was established at the four minutes time-point. During surgery pH stabilised 
around 92% for the duration of the operation. Please note that the time scale is non-linear, the first ten minutes 
were more closely monitored.

!e rate of ventilatory elimination of CO2 was calculated. Patients operated with CO2 
showed a continuous increase in CO2 elimination rate during the first 30 minutes of 
laparoscopic surgery, when stabilisation occurred at 0.09 l/min/m2. Meanwhile, the 
CO2 elimination rate in patients operated with He did not change during the entire 
procedure (Fig. 16). During the first hour of laparoscopic surgery patients exposed to 
CO2 pneumoperitoneum eliminated 3.7 litres more CO2 than those exposed to He, rep-
resenting trans peritoneal uptake. !is finding adds an explanation to the known need 
for increased ventilation during laparoscopy and also shows that CO2 passes through the 
peritoneal membrane.
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Figure 16: Ventilatory elimination of CO2 during gas insufflation and laparoscopic surgery. Elimination rates are 
given as litres/min/body surface area. !e CO2 elimination rate started to increase immediately after initiation 
of CO2 insufflation and continued to increase during the first 30 minutes of surgery. At the 10 min time-point 
respiratory elimination of CO2 was significantly higher when CO2 was used as insufflation gas compared to He 
and remained significantly elevated for the duration of the procedure
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Comparing peritoneal samples taken before and after gas insufflation, peri-
toneal concentrations of the assayed fibrinolytic proteins did not change.  
Changes did however occur during the laparoscopic cholecystectomy. Although operat-
ing time varies between patients, pre-procedural samples, obtained after establishment 
of pneumoperitoneum were compared with samples obtained at the end of each proce-
dure, illustrating the net-effect for each patient during surgery and enabling compari-
sons with previous studies. Making this evaluation, there was a significant net decrease 
in tissue t-PA concentrations during surgery in both groups (Fig. 17). Aggregating data 
obtained at different time-points during the procedure and correlating them with time, 
showed that there was a time-dependant decrease in peritoneal t-PA during the proce-
dure in both groups (Fig. 18). !ese results are consistent with the findings in paper I 
and also in line with the decreasing peritoneal t-PA levels seen during open surgery. 

Figure 18: Peritoneal concentrations of t-PA in samples 
taken at different time-points during the procedure corre-
lated with time. Both groups showed a time dependant de-
crease during laparoscopic surgery (He p=0.006, r2=0.140, 
CO2 p=0.05, r2=0.073).

Figure 17: Peritoneal concentrations of t-PA 
at start of the cholecystectomy and at end of 
surgery. Both groups showed significant de-
creases during surgery (He: p=0.006, CO2: 
p=0.026). However, at end of surgery there 
were significantly higher t-PA concentrations 
in the CO2 group (p=0.005) compared with 
He.
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However, the same comparisons for the active fraction of t-PA, the t-PA activity, showed 
that there was a net decrease during laparoscopic surgery for the patients operated with 
He, but not for those operated with CO2 (Fig. 19). When the t-PA activity of samples 
obtained at different time-points during the procedure was correlated with time, there 
was a time dependant decrease in the He group, but not in the CO2 group (Fig. 20). 
Evaluating these results, it seems that CO2 preserves the enzymatic activity of t-PA, de-
spite decreasing t-PA concentrations. !is effect might be due to stabilisation of t-PA in 
its active conformation by the induced acidification.

!e time from establishment of pneumoperitoneum until the end of each procedure, 
which is the time frame comparable with previous studies, was an average of 60 min-
utes. During this period, a decrease in t-PA antigen but not in t-PA activity was seen in 
patients inflated with CO2. !ere is preliminary data from laparoscopic gastric bypass 
procedures using CO2, showing that peritoneal t-PA activity stays the same at 45 min-
utes of surgery and then declines, showing significantly lower levels of t-PA activity at 90 
and 135 min (M Reijninen personal communication). Our present data together with 

Figure 19: Peritoneal t-PA activity at start 
of the cholecystectomy and at end of surgery. 
!ere was a significant decrease during sur-
gery in patients operated with He (p=0.004), 
but there was a preservation of t-PA activity 
when using CO2 and at end of surgery more 
t-PA activity was present in the CO2 group 
than in the He group (p=0.008).

Figure 20: Peritoneal t-PA activity in samples taken at 
different time-points during the procedure correlated with 
time. !ere was a significant time dependant decline in 
t-PA activity during laparoscopic surgery in patients oper-
ated with He (p=0.001, r2=0.196), but not in patients 
operated with CO2 ((p=0.3, r2=0.023).
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the data by Brokelman et al suggest preservation of peritoneal plasminogen activation 
capacity during the first 45-60 minutes of laparoscopic surgery using CO2, followed by 
decreasing capacity. 
!e differences between the gases that have an impact on peritoneal fibrinolytic capac-
ity is not clear. !e slight acidification caused by CO2 does not seem to influence local 
fibrinolysis in a negative way. !e different physical properties of He which is more 
volatile, slow at filling up the abdominal cavity and constantly diffusing into tissues, 
may also influence the peritoneal fibrinolytic response. 
For PAI-1, the same comparisons were performed, revealing a statistically significant 
net increase during the procedure in both groups. In samples obtained at different time-
points during the procedure, there were increasing PAI-1 concentrations, correlating 
with time, in patients operated with He, but not in those operated with CO2. However, 
all concentrations were low and in the CO2 group many measurements were close to 
zero. !is adds an explanation to why there was a significant increase during surgery in 
PAI-1, but no correlation with time could be shown. 
In total, it seems that CO2 results in a greater net fibrinolytic capacity after laparoscopic 
surgery than does He, indicating a beneficial role for this gas. However, there was a 
decrease in total peritoneal t-PA concentrations during surgery, regardless of gas used. 
!is finding is in line with our previous results and also mimics fibrinolysis during open 
surgery. 
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DISCUSSION

We are in the era of minimal invasive surgery, where not only laparoscopy, but also other 
endolumenal and translumenal techniques are continuously being developed. !e idea 
of minimising both abdominal access and operative trauma has guided this fundamen-
tal change in surgical approach. Laparoscopy creates a specific intra abdominal milieu 
where the peritoneal surfaces are distended and exposed to gas. Moreover, the surgical 
traumatic manipulation is minimised with small abdominal wall incisions, and surgical 
mechanical manipulation is restricted to the site of surgery, thus creating a specific envi-
ronment for the peritoneal cavity, possibly influencing peritoneal biology and provoking 
a specific peritoneal and systemic response. 

PERITONEAL FIBRINOLYSIS DURING LAPAROSCOPIC SURGERY

When the current investigations were planned, hardly anything was known about 
peritoneal fibrinolysis during laparoscopic surgery. Our first study indicated a similar 
per-operative response in peritoneal fibrinolytic capacity, with decreasing levels of t-PA 
activity and increasing PAI-1, during both open and laparoscopic cholecystectomy. 
However, due to the rapid change in standard of care concerning laparoscopy, this study 
was not randomised. Additionally, the first peritoneal samples in the laparoscopic group 
were obtained after peritoneal exposure to CO2. We therefore sought to investigate this 
further, and undertook the in vitro experiments, as well as a clinical study where changes 
in peritoneal fibrinolysis before and during laparoscopic surgery using CO2 and He were 
investigated (paper V). Here, initial samples were obtained before gas exposure, and 
the results indicated preserved peritoneal t-PA activity after 60 minutes of laparoscopic 
surgery using CO2. Others have come to seemingly contradictory conclusions on this 
subject (87, 88). In a series of 50 patients, Brokelman et al found no significant changes 
in peritoneal concentrations of t-PA or PAI-1, comparing samples obtained at start and 
conclusion of laparoscopic cholecystectomy using CO2 (87). However, the concluding 
samples were taken at 45 minutes of surgery in all patients, which is shorter than 60 
min. Yet unpublished data from the same group, investigating peritoneal fibrinolysis 
in patients undergoing laparoscopic surgery for obesity, reproduced this observation at 
45 minutes. However, at 90 and 135 min significantly lower t-PA levels were observed 
(M. Reijnen, personal communication). !ese results support the observations done 
in this thesis. !e totality of data indicate that operation time influences peritoneal 
fibrinolysis, but that no significant changes are evident during the first 45-60 minutes.  
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!ere is, to our knowledge only one published study except for paper I of this thesis, 
comparing peritoneal fibrinolysis in open and laparoscopic surgery. In a randomised 
study comparing open and laparoscopic colonic resection, Neudecker et al found a per-
operative decrease in t-PA activity in both groups (88). No differences could be de-
tected between groups, or between start and end of the surgical procedure for either 
t-PA or PAI-1 concentrations. !ese findings are quite unexpected, as operation time 
was long (220 minutes) which should, if our assumptions are correct, result in a more 
pronounced impairment of the peritoneal fibrinolytic capacity, at least for open sur-
gery. However, there is a confounding factor in Neudecker’s study; all patients included 
were first operated with diagnostic laparoscopy exposing the peritoneum to CO2 before 
randomisation to open or laparoscopic colonic resection. !is initial laparoscopy could 
have changed conditions in the peritoneal cavity, biasing the comparison between the 
different surgical approaches. 
!e variability of the results from tissue analyses may depend upon many factors includ-
ing operation time, gas insufflation rate, warming and humidification of the gas, gas 
exposure, intra abdominal working pressures, timing of sampling, sampling techniques 
and more. !e present studies indicate that operation time, gas exposure and thereby 
timing of sampling has an impact on the peritoneum and that these factors need to 
be taken into consideration in future studies. Presently, the accumulated data indicate 
that peritoneal fibrinolysis may be better preserved during laparoscopy using CO2 than 
during open surgery, supporting the hypothesis of a specific peritoneal milieu during 
laparoscopy. 

LAPAROSCOPIC GAS AND FIBRINOLYSIS

When designing further experiments there were many details in the laparoscopic tech-
nique to take into consideration and many experimental studies pointed towards an 
adverse effect of CO2. To investigate the influence of the gas itself on mesothelial cell 
fibrinolysis, we went on to perform the in vitro experiments. !ey showed an increased 
cell release of both t-PA and PAI-1 after gas exposure, more pronounced with a flow 
of gas or larger amounts of gas, but the experimental design did not allow for assess-
ing whether this was specific to CO2 or just the flow of gas. Both exposure to CO2 and 
acidic conditions induced mesothelial cell PAI-1, but not t-PA, mRNA transcription, 
indicating a specific in vitro response to acidification. !ese experiments support the 
hypothesis of a specific effect of the gas itself on the mesothelial cells, but further studies 
are needed. 
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CARBON DIOXIDE

During the work with paper II, we realised how quickly acidification occurs when the 
cells are exposed to CO2. !e same finding was made by Ziprin et al (99), exposing 
mesothelial cells to CO2 in vitro, he reported an immediate drop in media pH reaching 
6.5. Interestingly we found a similar degree of acidification in vivo in pigs (paper IV), 
comparing the two gases, a finding later reproduced in the subsequent clinical study 
(paper V). !e acidifying capacity of CO2 is well known, so these findings were not 
surprising. !ey do however show that the effect is immediate and that local buffering 
mechanisms in vivo are not sufficiently compensating. 
!e interesting question is how acidification affects peritoneal biology in general, and 
peritoneal fibrinolysis in particular. Although acidosis in general is believed to be an 
adverse effect, it might even be that it facilitates several beneficial local effects of CO2. 
Recent studies show that CO2 helps preserving antimicrobial defence in the peritoneal 
cavity during peritonitis, enhancing macrophage opsonisation (11, 100). Acidification 
has also been shown to increase peritoneal blood flow (64) and peritoneal oxygen ten-
sion during laparoscopy (65). Moreover, the results described in paper V indicate that 
both peritoneal t-PA concentrations and the t-PA activity are better preserved with CO2. 
Here the use of He, preserving pH by not inducing acidification, resulted in a more 
pronounced impairment of the peritoneal fibrinolytic capacity, thus rejecting our initial 
hypothesis of a potential beneficial effect with regards to adhesion formation.
Both the present studies and most of the accumulated literature seem to agree that CO2 
is a good choice as a laparoscopic gas, and that the use of CO2 might add advantages not 
previously considered. !e use of He does not seem to improve peritoneal fibrinolysis 
(paper V). Moreover, He does not seem to carry any clinical advantages, except for in 
respiratory impaired patients (101) where the reduced need for ventilatory elimination 
of CO2 might be a benefit. However the literature indicate that laparoscopic surgery 
could be made less traumatic by heating and humidifying the CO2, (65), by keeping low 
working pressure (62, 102), and a low flow rate (56).

Although surgery by a laparoscopic approach has been demonstrated to have many ben-
efits, it is still a surgical intervention, imposing a surgical trauma. It is well documented 
that adhesions do form after laparoscopic surgery, but the clinical impression is that 
they are of less severity than after open surgery. !e present studies demonstrate that 
peritoneal fibrinolysis is affected during laparoscopic surgery. However, the effect seems 
to be less pronounced and observations done in this thesis indicate a reduced adverse 
effect on peritoneal fibrinolytic capacity compared to open surgery. !is would offer a 
biological explanation for the clinical observation of a reduced adhesion formation with 
a laparoscopic approach.
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