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PART |

General Introduction and Aims of the Thesis






Chapter |

General Introduction

Adhesions

Definition, incidence and complications

Intra-abdominal adhesions are abnormal unions between different peritoneal surfaces. The
moest common cause of intra-abdominal adhesion formation is prior abdominal surgery which
accounts for 70-980% of all adhesions.'® Remaining adhesions are due to inflammation or
endometriosis or are congenital (18% and 2.8-6% respectively)." ® Postoperative intra-
abdominal adhesion formation is a major, up till now unavoidable complication of any kind of
abdominal surgery. Postoperative adhesions occur in 55-100% of patients undergoing
abdominal surgery, with an average of approximately 85%.% * ®" These adhesions can
eventuate in bowel, fertility and abdominal syndromes which frequently require further
surgery. Adhesion formation is the cause of 30% of all bowel obstructions *'® of 15-20% of
infertility in women'™"® and of 13-26% of chronic pelvic pain in women.'® 7 The cumulative
risk of adhesive smali-bowel obstruction after (sub)total colectomy is 11% within 1 year,
increasing to 30% at 10 years.’® After open abdominal or pelvic surgery in 29,790 patients
studied by Eliis et al, 34.6% were readmitted a mean of 2.1 times in the subsequent 10
years for a disorder directly or possibly related to adhesions. Of these readmissions 22.1%
occurred in the first year after initial surgery, but readmissions continued steadily throughout
the 10 year study period."® About 1% of all surgical admissions and 3% of all laparotomies
take place for intestinal obstruction due to adhesions.” The mortality rate from intestinal
obstruction as a result of adhesions is 8-13%." * *® Adhesions also increase the technical
difficulty and the risk of intraoperative complications at subsequent surgery depending on the
organs involved and severity of adhesions. One of five patients undergoing adhesiotomy
during reoperation suffers an inadvertent enterctomy, possibly resulting in extensive
postoperative morbidity and mortality. Morbidity involves bowel obstruction, anastomotic

leak, wound dehiscence, sepsis and pneumaonia.?’

Clearly in addition to the obvious
morbidity and mortality due to postoperative adhesion formation the costs of adhesion
related health care are significant.'® ® 22! Until now there is no clinically relevant cost
effective method available to reduce or prevent posioperative intra-abdominal adhesion

formation.
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Clinical diagnosis

Intra-abdominal adhesions cannct be shown by non-invasive modalities. The combination of
medical history and physical examination fail to adequately predict adhesion formation and
invasive as well as non-invasive imaging studies have poor sensitivity for detecting
adhesions.”% In general, the presence of adhesions can only be confirmed by either
laparoscopy or laparotomy.

Astiology and patholophysiology

Adhesion formation is a physiological consequence of peritoneal tissue repair. Surgical
trauma of the peritoneal surfaces induces a sequence of events which effectuates wound
healing but which can also ultimately lead to fibrous adhesions between different peritoneal
surfaces. Damage to the peritoneum causes desquamation of injured mesothelial cells leaving
a denuded area, and a local inflammatory reaction which leads to the formation of a
serosanguineous exudate % The primary inflammatory response, the acute phase response,
is characterised by an increased vascular permeability and the migration of neutrophils (PMNs)
and subsequently macrophages and leucocytes to the site of the inflammation during the first
48 to 72 hours after trauma.*** Chemoattractants (IL-8, MCP-1), cytokines (TNF-q, IL-18 and
IL.-6} and growth factors (TGF-B, IGF-I, PDGF), produced and released by damaged
mesothelial cells and resident and invading inflammatory celis are the key mediators of this
inflammatory reaction.®® In the resuling serosanguineous exudate fibrin deposition will take
place through the activated complement- and coagulation systems and when two surfaces
contact each other during this process a fibrinous adhesion will appear between day 2 and 4.
#1.10 \Whether these adhesions are permanent of character or will eventually be lysed depends
upon the fibrinolytic capacity of the peritoneum.’® ™ Intra-abdominally deposited fibrin has to
be lysed 1o free attached structures, restore the patency of the peritoneal cavity and open up
the way to adhesion free healing. When the peritoneum is slightly damaged and mesothelial
cells are mostly intact, there will be a dynamic balance between fibrinogenesis and fibrinolysis,
between tissue-type plasminogen activator (-PA) and plasminogen activator inhibitors (PAls).
#4245 8 pdhesion-free healing may then take place by conversion of plasminogen into
plasmin effectuating the sufficient break-down of fibrin by day 4 to 5 followed by proliferation
and centripetal migration of residual mesothelial cells and proliferation and differentiation of
interspersing mesothelial stem cells ** ¥ 7% Reepithelialisation occurs through continuous
simultaneous dividing of adjacent mesothelial cells and “islands” of multipotential sub-
mesothelial cells until the surface of the entire site of injury is covered by new mesothelium 5 to
8 days after the initial peritoneal trauma.” * *® The remesothelialisation process appears to be
mostly the result of mediators released by the mesothelial cells themselves.”
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Loss of mesothelial integrity due to the initial peritoneal trauma and invading leucocytes, which
have been shown to enhance peritoneal injury by adhering to and damaging mesothelial cells
through the release of active oxygen species,”™ will expose the underlying connective tissue
{ECM) and normal mesothelial fibrinolytic activity will be lost for at least 48 hours post
trauma.*® * % Exnosed endothelial cells, damaged mesothelial cells, as well as resident and
invading inflammatory cells, produce plasminogen activator inhibitor 1 and 2 (PAI 1 and 2),
factors mediating a reduced functional fibrinolytic activity by down-regulating t-PA activity and
thus plasminogen-plasmin conversion and fibrin demolishment.** ¥ Cytokines and growth
factors, also produced by damaged mesothelial cells and inflammatory cells, decrease t-PA
and increase PAI concentrations intra-peritoneally diminishing fibrinolytic activity of the
mesothelium likewise ™ *° The autonomous plasmincgen activator activity (PAA) of the
peritoneal exudates itself {result of local t-PA release and clearance) is also reduced during
several hours postoperatively which contributes even more to the disbalance between tPA
and PAls and thus to decreased fibrinolytic activity.® ¥ Reduced plasminogen-plasmin
conversion i.e. low fibrinolytic activity declines fibrin degradation and allows the fibrinous
adhesion to organise to a fibrous permanent adhesion through invasion, proliferation and
differentiation of fibroblasts and endothelial cells. This is followed by capillary formation and
incorporation of collagen, all stimulated by cytokines, and growth factors (day 4 to 10).%% 5%
Cytokines increase expression of integrins, cell surface receptors mediating fibroblast and
mesothelial cell adhesion to ECM.®® The mesothelial cells recover the exterior aspects of the
adhesion, isolating the ECM from the peritoneal cavity and reconstituting an intact peritoneal
mesothelial surface

The results of the inflammatory and fibrinogenetic response to peritoneal trauma eventuate in
ultimate resolution of the process, by triggering events that lead to cell regeneration and wound
healing. Normal intra-abdominal inflammatory and fibrinogenetic defences become detrimental
to the host if the balance between mediators of the inflammatory response and the balance

between fibrinogenesis and fibrinolysis is lost and two peritoneal surfaces are apposed (Figure
1.1).

Treatment

Relaparotomy or laparoscopy for adhesiolysis can be a technical challenge with elevated
peroperative complication risks and significant postoperative morbidity and even mortality.
Clinical studies involving second look operations show that operative adhesiclysis is also
complicated by a high recurrence rate of adhesions at the operated site (adhesion
reformation) or at other sites {de novo adhesions).”” Laparoscopy does appear to be
associated with equal adhesion reformation as laparotomy, between 38 and 97%, whereas

de novo adhesions seem to be significantly less common after laparoscopy (12%) than
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laparotomy (51%).”%™ Recurrence rate of adhesions possibly depends on technique of
adhesiolysis and time between initial surgery and evaluation of reformation,”™ 7 Furthermore
the degree of reformed adhesions is often more severe than that of the primary adhesions.”

Adhesive bowe! obstructions can be treated conservatively, by intravenous drip and
nasogastric suction, or by operation. The danger of conservative measures is of course that
a loop of obstructed bowel is strangulated and is going 1o progress to gangrene with eventuat
perforation and subsequent increased mortality rate. Even for experienced surgeons the
distinction between simple and strangulated obstruction is extremely difficult since there are
no clinical signs, diagnostic laboratory tests or radiclogical features that will accurately
confirm or refute the diagnosis of bowel ischemia. There are no fixed rufes regarding
indications for or timing of operation and the decision is ultimately at the discretion of the
individual surgeon. Conservative management is attempted in 27 to 83% of the patients
while surgery rates also vary widely, from 22 to 54%.% "™ Non-operative treatment results in
a shorter hospital stay and similar recurrence and reoperation quantities, but a reduced
interval to reobstruction when compared with operative treatment.”® During adhesiolysis the
bowel resection rate ranges from 5 to 20% and mortality following resection varies from 15 to
20%.7 After an operation for an episode of adhesive bowel obstruction the risk of further
episodes of obstruction ranges from 11-21%.”% % The likelihood of reobstruction increases
and the time to reobstruction decreases with an increasing number of previous episodes of
obstruction.”® ®' Patients with multiple dispersed adhesions have a greater recurrence rate
than those with band adhesions but strangulation occurs more frequently in patients with a

single obstructive band.” #

Prevention of adhesion formation

Many chemical agents and procedurés to prevent or reduce the formation of postoperative
adhesions have been studied. The purpose of all studies has been to interfere with one or
several of the pathogenetic steps in the dynamic process of peritoneal healing and adhesion
formation (Figure 1.2).

Reduction of the inflarnmatory reaction

The use of anti-inflammatory drugs like corticosteroids, nonsteroidal anti-inflammatory drugs
(NSAID's) and antihistamines can lead to a decreased permeability of vessels and to
reduced posttraumatic infra-peritoneat influx of inflammatory cells. Experimental nor clinical
studies could show significant adhesion reducing effects of these agents and various side
effects like impaired wound healing, immunosuppression, gastrointestinal bleeding and even
the occurrence of psychoses eliminated this treatment madality.**® The efficacy of antibiotic

peritoneal lavage {also quite an a-specific anti-inflammatory method) in the prevention of
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adhesion formation has long been controversial and recent experimental studies even
revealed adhesion promoting qualities of lavage fluids and antibiotics ¥

Attempts at decreasing adhesion formation by specifically altering macrophage function have
also been considered. Results of experiments using calcium channel blockers have not
yielded benefit of sufficient magnitude in animal models to implement these in large scale
human trials.® * “Simply” reducing the number of macrophages infiltrating the traumatised
peritoneal surface by using neutralising antibodies to monocyte chemotactic protein-1 (MCP-
1) diminished adhesion formation in an animal study.*" It is toc early to know whether these
experiments will lead to a treatment option in humans, but fo focus on the cellular
constituents of the inflammatory reaction during wound healing appears to be a worthwhile
avenue of investigation.

Efforts to attenuate the inflammatory reaction by mastering the mediators of this process
have also been suggested as an adhesion abating alternative. An experimental study
showed a decrease of adhesion formation after the administration of antibodies against the
cyiokines TNF-a and IL-1.% Again, it is not certain that these results can be repeated in clinical
studies, but selective immunosuppression, at a molecular level, might be part of future
solutions to the problem of postoperative adhesion formation.

Prevention of fibrin deposition

in the absence of a coagulated serosanguineous exudate or a fibrinous adhesion,
crganisation of adhesions may not occur. Te prevent coagulation of the inflammatory
exudates, dilution and neutralisation of the coagulation factors (comprising prothombin,
calcium, trombokinase, fibrinogen and trombin) has been effectuated by sodium citrate,
heparin, dicoumarol and dextran. Experimental as well as clinical trials demonstrated that
these agents also had inconclusive effects on postoperative adhesion formation while side
effects like intra-abdominal haemorrhage were imposing.™ * This treatment modality was
abandoned because it simply had toc many side effects without a clear demonstration of a
sufficient efficacy.

Removal of fibrinous exudates

Fibrin is a prerequisite for normal tissue repair; on the other hand the removal of fibrin is
needed to restore precperative conditions and guarantee adhesion free peritoneal healing.
The earliest methods to forestall adhesion formation were methods removing fibrin
depositions. Removal of fibrinous exudates by peritoneal lavages theoretically erases the
source of fibrous adhesions but experimental results showed no adhesion reducing effect, on

the contrary, peritoneal lavage even seemed to induce adhesion formation in some studies.®
95
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Stimulation of fibrinolysis

The disturbed dynamic balance between fibrinogenesis and fibrinolysis to the detriment of
fibrinclysis prohibits adhesion free healing. The actual cause of adhesions is the excess of
fibrin that is not broken down fast enough as result of an insufficient fibrinolytic capacity.
Experimental and clinical reports on the intra-peritoneal use of digestive ferments with
supposed natural fibrinolytic activity like pepsin, trypsin and papain did not offer any
acceptable evidence for its effectiveness in adhesion prevention. The instability of the
preparation, the neutralisation of the soluticns by the peritoneal fluid and the occurrence of
peritonitis did not support the usage of these materials."™'%" Animal studies in which the
fibrinolytic activity was enhanced by streptokinase and urokinase did also show conflicting
results while carrying the risk of bieeding.”® "™ The rate-limiting factor of the fibrinolysis is &
PA which converts plasminogen into plasmin that in tum will stimulate demolishment of fibrin,
Eliminating the intra-abdominal posttraumatic t-PA deficiency by adding recombinant tissue-
plasmincgen activator (rt-PA} might increase the fibrinolytic activity and reduce adhesion
formation. Experimental studies demonstrated that r-PA decreased postoperative
adhesions'®% but that the levels of r-PA required to prevent adhesion formation also
produced a significant impairment of the early phase of wound healing, as measured by the

wound content of hydroxyproline and bursting strength of the wound,'™

inhibition of fibroblast proliferation and organisation of fibrinous adhesion

Through blocking of integrins, and thus binding of fibroblasts to the fibrinous adhesion/ECM
components, fibroblast invasion and reorganisation of fibrinous into fibrous adhesions may
be prohibited and adhesion formation decreased. Administration of viscous agents containing
arginine-glycine-aspartic acid (RGD) peptides (blockers of integrin-ligand interactions) at the
end of surgery significantly reduced adhesion formation in animals.'™ Whether this treatment
modality will proof to be effective in humans remains to be investigated, but given the
complexity of the cell adhesion apparatus, blocking of one single receptor is not likely fo
prohibit adhesion through another and therefore this pathway may prove difficult for the
clinical situation.

Inhibition of fibroblast proliferation by the use of stercids and 5-flucrouracil was not effective in
adhesion prevention and these chemotherapeutics had side-effects that made them
inappropriate as anti-adhesive treatment modality. " %

Averting the production of procollagen by invading fibroblasts might forestall the formation of
collagenous fibers and thereby prohibit transformation of fibrinous into fibrous adhesions. An
in vitro inhibitor of procollagen (cianidanol) substantially inhibited adhesion formation but was
toxic in low concentrations to animals and consequently not suitable for further therapeutic
research in humans.’"®
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Mesenchymal stem cell seeding

Mesothelial damage is the primary event in adhesion formation. Mesothelial stem celis
differentiate into mesothelial cells and hypothetically, adhesiogenesis could be reduced by
seeding mesathelial stem cells onto peritoneal defects. One experimenial study
demonstrated this effect in a dose-dependent manner in rats but clinical triats have yet to be

carried out.™"

Adhesion prevention barriers

Theoretically with the barrier technigue two, damaged peritoneal surfaces are mechanically
separated during mesothelial regeneration, thereby preventing adhesion formation. Different
animal and clinical studies have indicated that placement of an absorbable barrier like
expanded polytetrafiouroethylene {Preclude® Surgical Membrane), polaxamer 407, oxidised
regenerated cellulose (INTERCEED®), or hyaluronic acid/carboxymethylcellulose
(Seprafilm ™) between injured peritoneal sites or the peroperative intra-abdominal application
of a viscous solution such as ionically cross-linked 0.5% hyaluronic acid (Intergel™, 32%
dextran 70 (Hyskon®) or low viscosity 0.04% hyaluronic acid (Sepracoat™) can reduce
postoperative adhesion formation."'?"'# In our prospective clinical randomised multicenter
trial performed by Vrijland et al, the effectiveness of bioresorbable Seprafilm™ membrane in
the prevention of postoperative adhesion formation was assessed in patients requiring a
Hartmann’s procedure for either sigmoid diverticulitis or obstructing sigmoid carcinoma. The
intra-abdominal placement of Seprafiim™ at the midline abdominal incision and in the pelvis
was effective in significantly abating the severity of the formed adhesions, but did not
diminish the incidence of adhesion formation. No results are available yet about the effect of
this on the postoperative incidence of small bowel obstruction, infertility and chronic
abdominal pain but it seemed to facilitate abdominal re-exploration.” Nevertheless major
disadvantages of the site-specific adjuvants are that the surgeon must predict adhesion
formation sites to determine barrier placement and that the materials in itself may be

injurious to the peritoneum.’

Non site-specific adjuvants show doubtful adhesion
diminishing qualities and are associated with undesirable local and systemic side effects like
ocedema, an increase in body weight and central venous pressure, transient liver function
disturbances and anaphylactic shock.™®'* Furthermore, most barrier materials are in
practice difficult to handle and apply.™® Despite the great variety of agents employed, there is
no standard treaiment for adhesions yet. The ideal anti-adhesive barrier would be composed
of a material that (1) does not injure the peritoneum, (2) does not elicit or activate peritoneal
neutrophils, macrophages or mesothelial cells, (3) does not impede the natural fibrinolytic

activity of the peritoneal surface (4) is removed from the peritoneum by simple absorption
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and not by degradation, {5) is not trombogenic, (6) covers all peritoneal surfaces, (7) remains

intact and in sktu for 5 to 7 days and (8) can be used af both laparotomy and laparoscopy.

Other drugs

Nitric oxide has been shown fo modulate a number of inflammatory and vascular disease
processes with effect on macrophages and endothelial cells. Its natural precursor, L-arginine,
is used fo increase levels of nifric oxide in tissues and turned out to diminish adhesions in
rats after intra-peritoneal administration.®

Because oxygen free radicals are believed to play a role in adhesion induction through
damaging of the mesothelial cells, intra-abdominal adhesion formation may be reduced by
limiting the intra-peritoneal levels of reactive oxygen. Drugs that can function as free radical
scavengers indeed have been shown to decrease adhesion formation in animals. Further

research has to be executed to estimate the clinical value of these kind of pharmaceutics. ™"
138

Minimalisation of peroperative peritoneal trauma

The only comsensus conceming the prevention of postoperative adhesions, that has
remained valid over time, comprehends the avoidance of peroperative damage to the
peritoneum through evading procedures with known adhesion-provoking consequences.’
" Forestalling of unnecessary drying, handling, clamping or suturing (ischaemia) of tissue
and leaving behind as little foreign material as possible is the sole clinically available option
to reduce postoperative adhesion formation.”® 2 Universally accepted agreement also
exists about the fact that closure of the perifoneum is superfluous, since the peritoneum
regenerates rapidly without reapproximation?® % “ % Non-closure even reduced non

adhesion related postoperative complications, "%

=141
tMB 14

and is desired because of its adhesion
preventing effec
Laparoscopic surgical procedures with their minimal access to the abdominal cavity, and
thus minimat parietal peritoneal tfrauma, are likely to be associated with fewer postoperative

adhesions compared to open surgery.'® 152
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Intra-Abdominal Tumour Recurrence

Incidence and aetiology

Peritoneal dissemination is a common cause for post-surgical tumour recurrence after
potentially curative resection of gastro-intestinal adenocarcinomas and represents terminal
stage of the disease."™""" Loco-regional recurrence incidence may amount up to 45% for

colorectal carcinoma™ !

and lies around 50% for gastric carcinoma.'® Distribution patterns of
first peritoneal recurrence show that the resection site is preferential, and combined
recurrence on peritoneal surfaces and resection site is common, ¥ 199,183,184

Early preoperative tumour cell seeding and peroperative intra-abdominal shedding of tumour
cells, due to handling the tumour and leakage from dissected lymphatic channels, are the

most likely causes of petitoneal carcinosis.'® ™%

5187 with current  techniques,
disseminated cancer cells are detectable in the peritoneal cavity in patients with colorectal,
gastric and pancreatic cancer.™” "% " previous experimental data have demonstrated that
the proliferative and metastatic potentials of these spilled tumour cells are very well
preserved. ' 170 Consequently exfoliated carcinoma cells may undergo further division and give
rise to implantation of metastases. Furthermore, the peroperative occurrence of tumour cells in
the peritoneal cavity has been shown to correlaie with the postoperative survival rate. Positive
peritoneal {tumour) cytology in abdominal washings of patients with colorectal, gastric and
pancreatic cancer is associated with poor prognosis.”® 7"7* The process of haesmatogenic or
lymphogenic cancer metastasis consists of a series of seguential, interrelated steps including
invasion, embolism and transport, arrest in organs, adherence and growth." In case of
peritoneal carcinosis due to pre- or peroperatively seeded tumour cells, the metastatic
process only depends on adherence and subsequent growth of these cells on the peritoneat
surfaces. Prevention of peritoneal tumour recurrence by impeding these steps offers a
promising mode of improving disease free survivai,

Mechanism of action in peritoneal tumour recurrence

Several theories speculate on the mechanisms of intra-peritoneal tumour recurrence as a
consequence of peroperatively spilled intra-abdominal tumour cells. Presumed implantation
sirategies of tumour cells include the theory of metastatic efficiency and the tumour cell
entrapment hypothesis.'™ According to the theory of metastatic efficiency the implantation of
spilled tumour cells on raw tissue surfaces is very efficient as opposed to the inefficient
implantation on intact surfaces. The tumour cell entrapment hypothesis proposes that the
fibrinous exudate, formed as an initial response to surgical trauma of the peritoneum,
facilitates implantation of cancer cells onto raw tissue due to entrapment of the spilled tumour

cells in the fibrin. This would secure tumour emboli at surgically injured peritoneal sites
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particularly. These trapped tumour cells may also be protected from natural host defences
and systemic chemotherapy by their coating of fibrin. During peritoneal wound healing after
peritoneal trauma, exposed endothelial cells, damaged mesothelial cells, as well as resident
and invading inflammatory cells produce an abundance of chemoattractants (II-8, MCP-1),
cytokines (TNF-, IL-1B and IL-6) and growth factors (FGF-B, IGF-I, PDGF}.** The micro
environment of the peritoneal wound hereby contains a plethora of factors creating a
prerequisite area for cell proliferation and differentiation. Accordingly surgical peritoneal
damage induces the release of substances that not only participate in the local healing
process but that also, unfortunately, could be beneficial for proliferation and growth of spilted
and trapped tumour cells. This should make the surgical wound in particular, a fertile soil for
tumour growth and could result in augmented growih of an intra-abdominal tumour cell
deposit at traumatised peritoneal sites. Indeed previously described clinical and experimentat
studies showed that surgical trauma may promote intra-abdominal tumour recurrence and in
clinical situations, it appears that peritoneal tumour implants may recur within a fibrous adhesion
resulting from surgical trauma.™® Apart from stimulated growth, fumour cells may profit from
the enriched wound micro-environment by enhancing the process of cell adhesion. ™" This
would explain fumour recurrence at not specifically traumatised peritoneal surfaces. Most
likely, metastatic cells respond to physiologic signais produced when homeostasis is
disturbed. Tumour cells that either originate from or have an affinity for growth in a particufar
organ can also respond to these signals.”™

Recapitulating, the dynamic cascade of peritoneal healing, induced by peritoneal damage,
sometimes leading to adhesion formation also seems to be important in the process of intra-
peritoneal adhesion and growth of free intra-abdominal tumour cells. Consequently the

trauma ensuing tissue regeneration may affect tumour recurrence in various ways (Figure
1.1).
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Chapter Il

Aims of the Thesis

Surgical peritoneal trauma and adhesion formation

Adhesions may be regarded as the most frequent complication of surgery, with a high impact
on health-care.’™ * %24 Adhesion formation produces burden to the patient and a clinical
challenge for general surgeons due to complications of adhesions, prolonged incision time
and substantial time necessary for division of adhesions at abdominal re-operations and
inadvertent enterotomy during difficult re-interventions.*" ** Adhesions were considered to
be a natural occurring phenomenon by most surgeons. it is only recently that surgeons,
realising that there might be precautions that may be useful at the time of surgery, are
becoming interested in identifying the magnitude of adhesion-related problems. A wide
variety of therapeutic modalities to reduce the incidence of postoperative adhesion formation
have been evaluated in clinical and experimental work.®"*® The results achieved with the
different treatment modalities are inconsistent and associated with many side effects. At the
present time no agent seems fo be overwhelmingly suitable for general use in humans.
Accordingly, it is the surgeon herself who seems to play the most important role by operating
in a non-traumatising fashion to prevent peritoneal injury.""%" Studies, in which peritoneal
trauma was proven to be a cause of adhesicn formation did not mention whether there was a
connection between the degree of rauma, and the extent of formed adhesions.™ % %
Therefore one of the aims of this thesis was to analyse whether the extent and type of post-
surgical adhesion formation correlates with the degree of perifoneal damage. Furthermore we
fried to identify whether agents like surgical gauze, lavage solutions and glove powder, not
yet generally considered as traumatic for the peritoneum, and commonly used in general
surgical practice, indeed were traumatic and could consequently cause adhesion formation.
and whether there were less traumatic and feasible alternatives for these agents. In order to
achieve these aims we first developed a reproducible rat adhesion model allowing

semiquantitative and gualitative scoring of adhesions.
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Surgical peritoneal trauma and intra-abdominal tumour recurrence

Pre- and peroperatively seeded tumour cells influence the prognosis of patients with gastro-
intestinal matignancies dramatically."” "®"'®* Tumour celis disseminated during surgical
dissection wiil not be treated using the conventional therapeutic modalities. Peroperative
lavage will remove some of the spilled celis, but sufficient irrigation of the peritoneal cavity is
not possible. In addition several experimental approaches to control the local recurrence
have been initiated. Clinical trials are investigating the possibility of intra-peritoneal
chemotherapy.™ " Lavaging the abdominal cavity with chemotherapeutic agents will
deteriorate the micro milieu for residual tumour cells but may have adverse side-effects on
wound healing and peritoneal adhesion formation.”® ' Photodynamic therapy (PDT) may
be another promising appreach to attack manifest peritoneal tumour recurrence. PDT is a
surface oriented, locally cytotoxic intervention. Defined tumour foci are specifically
eradicated, hereby only traumatising restricted areas of the peritoneum.”®®'® The above
mentioned therapies are mainly aimed at annulling manifest peritoneal tumour foci but do not
focus on prohibiting the postoperative arising of peritoneal tumour recurrence. A profound
understanding of the pathophysiology of tumour recurrence may lead to more specific tools
to confront the initial process of tumour celt implantation. One hypothesis, trying to clarify the
pattern of surgical freatment failure after potentially curative resection of gastro-intestinal
adenocarcinoma, suggests the implantation of free fumour cells is most efficient on damaged
tissue while the coating of these trapped cells with reactive fibrin protects them from naturai
host defences.’™ The fact that the resection site and surgical wounds are predestined sites

for recurrence,'”’

indeed indicates there may he a mechanistic relation between surgical
tissue trauma and tumour recurrence. The dynamic cascade of peritoneal healing, induced
by peritoneal damage, sometimes leading to adhesion formation also seems to be important
inn the process of infra-peritoneal adhesion and growth of free intra-abdominal tumour cells.
This thesis fries to demonstrate the similarities between the process of adhesion formation
and tumour recurrence by evaluating whether there was a relationship between degree of
peritoneal trauma and the extent of tumour cell adhesion and growth and if this presumed
relationship was merely a local phenomenon or whether systemic effects might also be
involved. Furthermore we fried to identify whether exposure of the peritoneum to surgical
gauze and giove powder known to cause adhesion formation alsc could induce more tumour
recurrence. Next we investigated whether the less traumatising alternatives were valid in
reducing tumour recurrence as well. To fulfil these tasks we developed a reproducible rat
tumour adhesion and growth model, analogous to the rat adhesion model, aliowing

semiquantitative scoring of tumour load.
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Pathways of adhesion formation and intra-abdominal tumour recurrence

Adjuncts to good surgical fechnigues are needed for adhesion and tumour recurrence
prevention. Better understanding of the underlying pathogenesis of both processes is a
prerequisite to raticnal prophylaxis and therapy of both surgical complications. Further
experiments described in this thesis aim at unravelling pathways of enhanced tumour cell
adhesion and growth after surgical peritoneal trauma. Soluble and cellular constituents of the
peritoneal cavity are believed to both reflect the events occurring during peritoneal healing
and the potential to modulate the outcome of tissue response to injury. We analysed the
effect of cellular and non-cellular soluble inflammatory components using our in vivo and in
vitro reproducible tumeur adhesion and growth models.

Resuits of the analysis of the inflammatory celis in these experiments demonstrated a
trauma-related influx of neutrophils (PMN} in the abdominal cavity. We evaluated the role of
these PMN in postoperative adhesion formation and peritoneal tumour recurrence by treating
rats intra-peritoneally with anti-neutrophii serum (ANS).

Adjuvant measures to prevent adhesion formation and tumour recurrence

Since peroperative peritoneal irauma cannot entirely be prevented in practice, the need for
supplementary measures fo reduce adhesions and tumour recurrence remains urgent.
Accordingly, we performed experiments evaluating the capacity of a new glucose polymer
solution, icodextrin®, to reduce adhesion formation and whether icodextrin® might reduce or

possibly promote the adhesion and growth of intra-peritoneatly injected tumour cells.

The results obtained from these experiments will lead to feasible measures that may
uitimately support the surgeon to prevent peritoneal injury and thereby reduce postoperative
adhesion formaticn and intra-abdominal tumour recurrence.

A more thorough understanding of the impact of neutrophils (PMN}, macrophages, cytokines
and integrins on the wound healing process and its derangement will undoubtediy help in the
cdevelopment of more specific therapeutic strategies to reduce postoperative adhesion

formation and local tumour recurrence without causing serious complications.
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Chapter 11l

Reduction of Intra-Peritoneal Adhesion Formation by

Use of Non-Abrasive Gauze

Adapted from the origina! publication in the British Journat of Surgery 1997; 84: 1410-1415

Adhesion formation is potentially harmful. Surgical swabs may contribute to adhesions by
traumatising the peritoneumn. The purpose of this study was 1o evaluale whether standard
surgical gauze (Medipres) has an adhesion promoting effect, and to determine whether a soft
textile (Fastsorb), used in the electronics industry, might be less traumatic and therefore lead
to less adhesion formation.

A reproducible rat model allowing semiquantitative scoring of adhesion formation was used.
Three different adhesion models representing increasing degrees of peritoneal trauma
(minimal, moderate and severe) were employed. The model inflicting minimal peritoneal
trauma was combined with standardised rubbing of the perifoneum with surgical gauze or
non-surgical textile.

Minimal peritoneal trauma resulted in a significantly lower adhesion percentage (21%) than
moderate (44%) or severe (60%, perifoneal trauma (p < 0.005). Rubbing of the peritoneum
with surgical gauze after infliction of minimal peritoneal trauma did induce significantly extra
adhesion formation (68% versus 23%, p < 0.0001}. After infliction of minimal peritoneal
trauma, rubbing with surgical gauze did produce significantly more adhesions than rubbing
with non-surgical textile (63% versus 198%, p < 0.0001). Moreover, rubbing the peritoneum
with non-surgical fextile after infliction of minimal perifoneal trauma did not induce additional
adhesion formation at all (35% versus 24%, p = 0.23).

The extent of adhesion formation correlates significantly with the inflicted degree of
peritoneal darmage. Standard surgical gauze is traurnatising to the peritoneum and promotes

adhesion formation whereas a less abrasive non-surgical textile does nof.
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INTRODUCTION

Posteperative adhesions are abnormal unions between tissue surfaces which occur after
almost every intra-abdominal surgical intervention and can lead to a number of
comptications. Adhesion formation after intra-abdominal surgery accounts for 70-80% of all
adhesions,” the rest being caused by inflammation of the peritoneum, endometriosis {18%)
and congenital adhesions {2.8-6%)." Abdominal adhesions can cause intestinal obstructions
which often requires immediate surgical intervention. Thirty percent of all bowel obstructions
are caused by postoperative adhesions.”® About 1% of all surgical admissions and 3% of all
laparotomies are done for intestinal obstruction due to adhesions.” The mortaiity rate from
intestinal obstruction due to adhesions is 6-13%." ** Some 15-20% of infertility in women is

a consequence of adhesion formation® '

and adhesions were identified as the primary cause
of chronic pelvic pain in 13-26% of female patients.™ '

A wide variety of therapeutic modalities to reduce the incidence of postoperative adhesion
formation has been studied in clinical and experimental work. The results achieved with the
different treatment modalities are inconsistent and associated with many side effects such as
intra-abdominai haemorrhage and impaired wound healing. Until now only one strategy
exists to reduce adhesion formation, namely the reduction, at operation, of all forms of
peritoneal trauma and ischaemia. This necessitates avoiding desiccation and vigorous
handling of intra-abdominal tissue and introducing as little foreign material as possible.'™'®
Manipulation with abdominal gauze might be traumatic to the peritoneum either because it is
rough and abrades the perifoneum and serosa or because remnants of gauze are left behind
in the abcomen.'® ?® The present study was underiaken to evaluate whether a soft textile
usaed in the electronics industry might have a tess traumatic effect on the peritoneum than
standard surgical gauze, and consequently lead to less adhesion formation. A reproducible

animal model that aliowed semiquantitative scoring of adhesion formation was used.
MATERIALS AND METHODS

Animals

Female Wistar rats of reproductive age weighing 200-250 g were obtained from Harlan,
Zeist, The Netherlands. They were bred under specific pathogen-free conditions and kept
under standard laboratory conditions (temperature 20-24°C, relative humidity 50-80%, 12
hours light and 12 hours dark). The rats were given standard rat food and water ad fibitum.
The experimental protocol adhered to rules laid down by the Dutch Animal Experimentation
Act and was approved by the Committee on Animal Research of the Erasmus University
Rotterdam, The Netherlands.
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Gauzes

The evaluated “gauzes” were surgical Medipres gauze (van Heek Medical, Losser, The
Netherlands), consisting of 100% cotton and commonly used in abdominat surgery, and non-
surgical Fastsorb cleanroom wiper {Berkshire Corporation, Great Barrington, Massachusetts,
USA), used in the electronics industry (Figure 3.1). Fastsorb is a rayon-polyester biend which
possesses strength and softness combined with a high absorbing capacity. It has low particle

generation, minimal extractable matter and a low ion content. Fastsorb is used on abrasion-
sensitive surfaces.

Absorbing capacity

The absorbing capacity of both materials was evaluated using the following method. Ten 5 x
5 cm-pieces of surgical Medipres gauze {(double layer) and non-surgical Fastsorb textile
{monolayer) were saturated by immersion in water. After saturation, the materials were
drained for 30 seconds. The pieces were weighed before and after saturation; results were
expressed in millilitres of water absorbed per gram gauze.

Surgical technigues

The three adhesion models employed in this study were derived from a model described by
van Bakkum et al.*’

Model 1. Under ether anaesthesia and aseptic but not sterile conditions, using Bioge! sterile
gioves {(Regent Hospital Products, London, UK), the abdomen was shaved and cleaned with
alcohol. Laparotomy was performed using a lower midline incision of 5 cm. In the lateral
abdominal wall, 1.5 cm downwards from the abdominal incision, a standard area of 1.5 x 1.2
cm, 3 mm deep, which contained the mesothelial as well as both underlying muscular layers,
was excised with an oval shaped punch. This severe peritoneal defect was then closed with
three 5-0 Surgilene sutures (Braun, Melsungen, Germany). Subsequently the uterus horn
was sutured to the iateral peritoneum, both proximally and distally from the closed peritoneal
defect, with 6-0 Surgilene. All knots were double and fastened tightly to ensure ischaemia.
The abdomen was closed in two layers with 5-0 polyglycolic acid and 2-0 silk sutures.

Model 2. The same type of operation was performed with only one difference: the damage
inflicted to the lateral peritoneum was of moderate severity and consisted only of an incision
of 1.5 cm long, 3 mm deep, which was also closed with three 5-0 Surgitene sutures.

Model 3. In this model minimal trauma was applied to the lateral peritoneum. No wound was
inflicted. The trauma was ischaemic only and was brought about by three 5-0 Surgilene
sutures at 0.7 cm intervals.
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Figure 3.1
On the left surgical Medipres gauze and on the right non-surgical Fastsorb textile.

Figure 3.2

Rubbing device used to apply standardised trauma to the uterine horn. A spring attached to
the handle enables rubbing under a certain pressure. The device is constructed in such a
manner that a pressure of 120 g/cm? is applied when the indicator needle (above the spring)
touches the blue roll. The gauze is wrapped and fixed around a hooked injection needle (1.1
x 40 mm Luer-Lock; Braun, Melsungn, Germany).



Rubbing with surgical gauze and non-surgical texiile was performed using a device enabling
the application of a constant pressure of 120 gicm?® (Figure 3.2). The uterus horn was rubbed
ten times over its total length.

Experimental design

Adhesion formation after different amounts of peritoneal trauma.

In 15 rats one lateral abdominal wall side was operated on according to adhesion model 1
(severe peritoneal trauma). in nine of these animals the other side was freated according to
adhesion model 2 (moderate peritoneal trauma) and six were treated according to adhesion
mode! 3 (minimal peritoneal trauma).

Adhesion formation in model 3 after rubbing with surgical gauze or non-surgical
textile.

In 30 rats minimal peritoneal trauma was inflicted to both latera! peritoneal sides (model 3).
Both utering horns were exposed and sutured to the lateral peritoneum. In ten rats one
gterine horn was rubbed with surgical Medipres gauze whereas the other was not touched
(group 1); in ten animals cne uterine horn was rubbed surgical Medipres gauze and the other
one with non-surgical Fastsorb textile (group 1t); and in the last ten rats one uterine horn was
rubbed with Fastsorb textile while the other was not touched (group ). in all cases
randomisation was used to deiermine which rubbing model was to be carried out on which
side.

Evaluation of adhesion formation.

Some 14 days after operation the rats were sacrificed by a humane method for assessment
of post-surgical adhesion formation. Macroscopically the adhesions were scored accerding to
their extent {quantity) and type (quality) by two independent observers. The extent of
adhesion formation was quantified by dividing the area to be scored into eight by means of
the three 5-0 sutures by which the defect was closed (Figure 3.3). The presence or absence
of adhesions in the eight demarcated areas was scored. If there were adhesions in an area
{his accounted for 12.5% adhesions; a maximum of 100% adhesions could be scored. in
each rat two lateral peritoneal sides were assessed. The type of adhesions formed was
classified macroscopically using the Ziihike classification (Table 3.1},
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Evaluation of peritoneal damage

Microscopic analysis of peritoneal reaction after rubbing ten times with surgical Medipres
gauze and non-surgical Fastsorb textile was performed. Peritoneal reaction was evaluated
directly after, and 2 and 4 hours after rubbing the uterus horn. For each time point one-third of
the four rubbed uterus horns {two rubbed with Medipres and two with Fastsorb) were excised
and fixed in formalin. The samples were stained with haematoxylin and eosin. The appearance
of the mesothelial and underlying muscular layers and the infiltration of leucocytes were

observed and compared.

Statistical analysis
Statistical analysis was performed using the f-test for paired samples. In two instances the
unpaired Student's  test for independent samples was used, as indicated in the text. Statistical

significance was defined as p < 0.05. Data were expressed as mean adhesion percentage +
SD.

RESULTS

Gauzes: absorbing capacity

The mean absorbing capacify of non-surgical Fastsorb textile (n = 10} was 8.4 ml per g gauze
(SD: 0.2) and that of surgical Medipres gauze (n = 10) was 6.6 ml per g gauze {SD: 0.8). This
difference is statistically significant (p < 0.0001, Student’s { test for independent sampies).

Adhesion formation after inflicting different amounts of peritoneal trauma.

On almost all peritoneal defects adhesion formation was found after 2 weeks. No pathologicat
conditions as bowel obstruction, peritonttis or abscesses were found.

Table 3.2 shows that a significantly more adhesions were found at sites where severe (model
1) trauma had been applied, compared with moderate (model 2) and minimal (model 3)
peritoneal trauma (p < 0.05). Adhesions formed after severe and moderate frauma of the
peritoneum were dense and thick and could be classified as Zihike type 2-3 and Zihlke type
2. The pelvic fat and the uterine homn took part in the adhesion formation. The adhesions
formed after minimal trauma of the peritoneum were filmy and could be classified as Zilhike
type 1-2. Only pelvic fat took part in the adhesion formation.
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Figure 3.3

The extent of adhesion formation was quantified by dividing the "defect" area to be scored into

eight areas of 12.5% by means of the three sutures used to close the defect.

Score  Characteristics

| Filmy adhesion, easy to separate by blunt dissection

2 Stronger adhesion: blunt dissection possible, partly sharp dissection necessary;
beginning of vascularisation

3 Strong adhesion: lysis possible by sharp dissection only; clear vascularisation

4 Very strong adhesion: lysis possible by sharp dissection only; organs strongly
attached with severe adhesions: damage of organs hardly preventable

Table 3.1
Macroscopic (morphological) classification of abdominal adhesions according to Zihlke et

al.®
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Adhesion formation in model 3 after rubbing with surgical gauze or non-surgical textile.
Table 3.3 shows that rubbing the uterine horn with surgical Medipres gauze after inflicion of
minimal peritoneal trauma gave rise o a significantly higher mean adhesion percentage than
infliction of minimal peritoneal trauma alone (p < 0.0001). The adhesions in the latter group
were often filmy (Zihlke type 1-2) involving onty pelvic fat. Adhesions at sites also rubbed by
Medipres gauze were denser (Zihlke type 2-3); pelvic fat, uterine horn and the bowel were
involved in these adhesions.

Table 3.3 shows that, after infliction of minimat peritoneal trauma, rubbing the uterus horn with
surgical Medipres gauze induced a sighificantly higher mean adhesion percentage than
rubbing the (opposite) uterus horn with non-surgical Fastsorb textiie (p < 0.0001). The
adhesions formed after rubbing with Medipres gauze were more dense (Zihlke type 2-3} than
those formed after rubbing with Fastsorb textile (ZOhlke type 1-2). In the first group the uterine
horn, the bowel and pelvic fat were involved in adhesion formation, whereas in the Fastsorb
group the bowel was never involved and the uterine horn rarely.

The mean adhesion percentage found after infliction of minimal peritoneal trauma did not
significantly differ from that observed after combining this minimal trauma with rubbing the
uterus with non-surgical Fastsorb textile {p = 0.23). The adhesions found were all filmy, Zéhlke

type 1 in the first group and type 1-2 in the second group; only pelvic was invoived in adhesion
formation.

Light microscopy

in all cases the surface of the uterine peritoneum was more damaged after rubbing with
surgical Medipres gauze than after rubbing with non-surgical Fasisorb texiile. After rubbing
with Medipres gauze, the mesothelial layer had disappeared and the underlying muscular layer
was partly lost and looked frayed. After rubbing with Fastsorb textile the mesothelial layer had
disappeared for the most part but the underlying muscular layer looked smooth and was intact.
At 2 and 4 hours after causing peritoneal damage with Medipres there were more leucocytes
infiltrating the severely damaged area than after rubbing with Fastsorb (Figure 3.4).
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Abdominal trauma n | Percentage adhesion Zihike p1 p2 p3

formation (SD) score

— = - (12-7) .
Model 2 9 44 (15.5) 2 0.004

Model 3 6 21(6.9) 1-2 0.005
Table 3.2

Mean adhesion percentages (SD), and Zihlke classification of found adhesions, after inflicting
severe {model 1), moderate (model 2) and minimal {model 3) peritoneal trauma. Fifteen rais
underwent an operation according to adhesion model 1 at one lateral abdominal wall side. In 9
of these rats the other, opposite, side was operated according to adhesion madel 2 and in 6 of
these rats according {o adhesion model 3, Therefore, n is the number of peritoneal siles
(uterine horns) assessed. Statistics p1 and p3: t test for paired samples {model 1 versus
mode! 2 and model 1 versus model 3). Statistics p2: Student's t test for independent

samples (mode! 2 versus model 3 ).

Uterine horns n | Percentage adhesion | Zithlke pl p2 p3
formation (SD) score

—— BT S — I

I°. Medipres rubbing | 10 58 (10.5) 23 |<0.0001

IT*. Medipres rubbing | 10 63 (11.8) 23

11°. Fastsorb rubbing 10 19 (12.2) i-2 < 0.0001

II°. No touch 10 24(11.6) 1

111°. Fastsorb rubbing | 10 35(24.3) 1-2 ns

Table 3.3

Mean adhesion percentages (SD), and Zlhlke classification of found adhesions, after inflicting
minima! peritoneal frauma alone (the uterine hom was not touched} and after rubbing the
uterine horn with Medipres gauze or Fastsorb lextile following the infliction of minimal
peritoneal trauma. N is the number of defected peritoneal sites (uterus horns) assessed. Statis-
tics p1 (1 versus 1%), p2 (I1* versus 11°) and p3 (11l * versus 111 °): tHest for paired samples {95%
Cl1 = 95% confidence interval).
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Figure 3.4

Light micrograph of uterus horn surfaces after rubbing with Medipres gauze (A) and Fastsorb
textile (B). A: the mesothelial layer has disappeared, the underlying muscular layer is partly
lost and frayed. Reactive leucocyte cells infiltrate the severely damaged surface area. B: The
mesothelial layer has disappeared for the most part but the underlying muscular layer is
intact. Magnification 10x.
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DISCUSSION

Numerous attempts in clinical and animal studies to prevent or reduce the incidence of intra-
peritoneal adhesions have yielded limited success.

Adhesion formation is a dynamic process consisting of several consecutive stages following
damage to the parietal or visceral peritoneum. Different studies, in which peritoneal frauma
was proven to be a cause of acdhesion formation,™ ** * did not mention whether there was an
association between the degree of trauma inflicted, and the extent of formed adhesions. The
present study shows that the extent and type of post-surgical adhesion formation correlates
significantly with the degree of peritoneal damage. At sites where severe, moderate or minimal
peritoneal trauma was inflicted, mean adhesion percentages of 60%, 44% and 21%
respectively were found.

Damage to the peritoneum causes a local inflammatory reaction which leads to the formation
of a serosanguineous exudate.® In the exudate fibrin deposition will take place, % and
when two surfaces contact each other during this process a fibrinous adhesion will appear.
Whether these adhesions are permanent of character or will eventually be lysed is dependent
on the fibrinclytic capacity of the peritoneurn.® #* When the peritoneum is slightly damaged
and mesothelial cells are mostly intact, there will be a dynamic balance between fibrinogenesis
and fibrinolysis, and adhesion-free healing may take place. When the peritoneum is more
severely damaged the underlying connective tissue will be exposed and normal serosal
fibeinolytic activity will be lost.*® Exposed endothelial and inflammatory cells, as well as
damaged mesothelial cells, may produce plasminogen activator inhibitor 1 and 2, factors
mediating a reduced functional fibrinolytic activity.® Low fibrinclytic activity allows the fibrinous
adhesion to crganise to a fibrous permanent adhesion.® Therapeutic modalities, focusing on
the different stages in adhesion formation include the use of anficoagulants and anti-

inflammatory agents,*

removal of fibrinous exudates by peritoneal lavages,™ the
augmentation of fibrinclysis by use of polysorb, saccharose, vitamin E or recombinant tissue
plasminogen activator (+PA),¥ and the inhibition of fibroblast proliferation by use of steroids
and 5-flucrouracil.”® Proving ¢linical effectiveness remains difficult and there may be severe
side-effects.

Recent animal and clinical studies evaluating mechanical separation during reperitonealisation
of two adjacent anatomicat structures are more promising.*®**? Non-resorbable and resorbable
barriers have up to now been used mainly in experimental settings, leaving minimalisation of
periteneal frauma as the main therapeutic modality in prevention of postoperative adhesion
formation.

Limitation of peritoneal injury should include attempts to reduce trauma inflicted by surgical

I‘EQ‘ 20

gauze. Down et a showed in fwo experimental studies that the abrasive effect of gauzes
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causes adhesion formation. In various experimental models, used to evaluate the prevention of
adhesions by different substances, peritoneal damage is created by gauze abrasion.®*" In
1968 Saxen and Myltamiemi reviewed 309 laparotomies with adhesions present and found
foreign-body granulomas in 61% of all cases.*® Remnants of gauze were the second most
frequent observed foreign body materials (16%) found in these adhesions.*”

The current study shows that peritoneal manipulation with surgical Medipres gauze after
infliction of minimal peritoneal trauma produces significantly more adhesions than inflicting
minimal trauma alone. The dense Zihlke type 2-3 adhesions were thereby formed not only
between traumatised lateral peritoneum and pelvic fat but also between traumatised
peritoneum and uterine horn and between utering hom and bowel. This finding suggests that
manipulation with surgical Medipres gauze causes severe trauma of the peritoneum. After
minimal peritoneal trauma, manipulation of the peritoneum with non-surgical Fastsorb textile
produced significantly fewer adhesions than manipulation with surgical Medipres gauze,
suggesting a less traumatic influence on the peritoneum of Fastsorb textile. Indeed, there was
no significant difference in the extent and type of adhesions formed after infliction of minimat
peritoneal trauma alone and minimal trauma in combination with Fastsorb manipulation of the
peritoneum. Thus peritoneal manipulation with non-surgical Fastsorb textile, as performed in
the current study, does not seem to have a traumatising effect on the peritoneum. Microscopic
analysis of rubbed uterine horns partly confirms this conclusion: after rubbing with Medipres,
severe trauma of the surfaces was seen with many infiltrating cells, whereas rubbing with
Fastsorb produced little tissue damage with only a small number of infiltrating cells.

Given the fact that non-surgical Fastsorb textile meets important criteria for a gauze used for
surgical purposes and the fact that this non-abrasive textile produces fewer adhesions than the
usual surgical gauzes, further study of the use of non-abrasive textile in abdominal surgery is
indicated. Fastsorb textile might be a suitable substitute for Medipres gauze in surgical

practice.
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Chapter IV

Peroperative Abdominai Lavage Promotes Intra-

Abdominal Adhesion Formation in the Rat

Adapted from the original publication in the European Surgical Research 1999; 31: 196-201

Intra-abdominal adhesions continue to pose a serious postoperative clinical problem. Per-
operative peritoneal trauma can lead fo postoperative adhesion formation. In vitro studies
show that exposure of the peritoneal surface to lavage solutions enhances peritoneal activity
and provokes an inflarmmatory response. This study was designed o evaluate the in vivo
effect of lavage solutions on the peritoneum and post-surgical adhesion formation.

A reproducible rat mode! allowing semiguantitative scoring of adhesions was used fo study
adhesion formation after favage of the abdominal cavity with RPMI medium, NaCl 0.9%,
polyvinylpyrrolidone jodine 1% (PVP-I), Viaspan and chiorhexidine 0.02% in dilution. Al
solutions were applied during a laparofomy in which standardised minimal peritoneal trauma
was inflicted.

Peritoneal lavage of the abdominal cavily after the infliction of minimal peritoneal trauma
induced significantly more adhesions than the infliction of minimal peritoneal trauma alone (p
= 0.0001). Aggressive as well as non-aggressive lavage solutions caused extra adhesion
formation.

The results found in the present study correlate with observations from in vitro experiments;
exposure of perifoneal cavity to lavage solutions traurnatises the perifoneum, enhances
peritoneal activation and thus promotes infra-abdominal adhesion formation. During surgery
in non-contaminated abdominal cavities peritoneal lavage should not be performed. Per-

operative lavage of contaminated abdominal cavities should be viewed with caution.
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INTRODUCTION

Peroperative lavage following contaminated or potentially contaminated abdominal surgery
has become common practice. Although peritoneal lavage may diminish the bacterial count
in the abdominal cavity,” it does not reduce the risk of postoperative peritonitis, sepsis of
rates of other complications of peritonitis,? and it may enhance peritoneal reaction and
provoke an inflammatory response on the surface. Human mesothelial cells in culfure have
been shown to have modulated inflammatory, fibrinolytic as well as procoagulant activity
after exposure to lavage solutions in ron-toxic ditutions,*® When similar responses occur in
vive, peroperative irrigation of the abdominal cavity may disturb postoperative restoration of
the mesothelium, physiological local defence systems and furthermore induce adhesion
formation. It has been observed in both mice and rats that irrigation with solutions generally
regarded as physiological accepiable, during intra-abdominatl manipulations, caused more
adhesions than no irrigation at all.® 7

Lysis of fibrous adhesions depends on the presence of an adequate amount of plasminogen
activator activity.® ° Ischaemia or inflammation of the mesothelium results in a greater
reduction of fibrinolytic activity, which leads to more fibrous adhesions, than does simple
trauma alone.’® Therefore, a standardised experimental rat mode! which induced peritoneal
ischaemia was chosen to determine the effect of various solutions, commoenly used in
surgical practice, on peritoneal adhesion formation.

MATERIALS AND METHODS

Animals

Female Wistar rats of reproductive age weighing 150-230 g obtained from Harlan, Zeist, The
Nethertands were used. They were bred under specific pathogen-free conditions and kept
under standard laboratory conditions (temperature 20-24°C, refative humidity 50-60%, 12
hours light and 12 hours dark periods). The rats were fed standard rat food and water ad
libitum. The experimental protocol adhered to rules laid down by the Dutch Animal
Experimentation Act and was approved by the Committee on Animal Research of the
Erasmus University Rotterdam, The Netherlands.

Lavage solutions

The evaluated lavage soiutions were: RPM| 1640 medium (Gibco, Paisly, Scotland), NaCl
0.9% (Fresenius BV, 's Hertogenbosch, The Netherlands), polyvinylpyrrolidone iodine 1%
(PVP-1, Asta Medica BY, Diemen, The Nethertands), Viaspan (an ex vivo storage solution,
DuPont, Clakson, Canada) and chlorhexidine 0.02% (Vifor Medical SA, Huizen, The
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Netherlands). Dilutions of the lavage solutions were prepared in medium {(RPMI) for optimal
pH (7.2-7.4) and osmclarity (280-300 mosmol/kg). All solutions were prepared under
pathogen-free conditions. The analysed solutions were divided into non-aggressive and
aggressive lavage solutions. Non-aggressive solutions caused only moderate activation of
mesothelial functional properties in previous in vitro experiments.?® Aggressive solutions

provoked major mesothelial cytokine production and other functional activation of cultured
human mesothelial ceils.*®

Operative procedures

To study the effect of the different solutiocns on adhesion formation in rats our previcusly
described reproducible rat adhesion model was used.”’ Briefly, under ether anaesthesia and
aseptic conditions a laparotomy was performed using a lower midline incision of 5 cm. Three
Surgilene 5-0 sutures (Braun, Melsungen, Germany) were applied to both lateral peritoneal
sides 0.7 cm from each other and 1.5 cm downwards from the abdominal incision. All knots
were double knots fastened tightly to ensure local ischaemia. Both uierine homs were
exposed and sufured to the lateral peritoneum with Surgilene 6-0 (Braun) proximally and
distally from the three 5-0 sutures. in this way a standardised amount of minimat peritoneal
trauma was inflicted. Subsequently the abdominal cavity was exposed to 10 ml of lavage
solutions (25°C}) for 10 minutes. After 10 minutes the fluids were suctioned out carefully. At
least 5 ml of the lavage soclutions remained within the peritoneal cavity. The abdomen was
closed in two layers with 5-0 polyglycolic acid and 2-0 silk sutures.

Experimental design

Adhesion formation after peritoneal lavage with non-aggressive solutions.

in 15 rats, standardised minimal peritoneal trauma was inflicted to both lateral peritoneal
sides by applying 3 sutures in, and fixating the uterine horns to the lateral peritongum. In five
rats {group 1) no peritoneal lavage was performed. The other ten rats were treated with non-
aggressive solutions. Five rats (group I} underwent lavage with 10 mi NaCl 0.8% and five
(group 111} with 10 ml povidone-iodine (PVP-I diluted 1:100 in RFMI}.

Adhesion formation after peritoneal lavage with aggressive solutions.

Again minimal peritoneal trauma was inflicted to both lateral peritoneal sides in 18 rats. Six
rats (group IV) underwent a lavage with the non-aggressive solution RPMI, six rats (group V)
underwent a lavage with Viaspan and six (group VI) with the aggressive lavage solution
chlorhexidine 0.02% (diluted in 1:10 in culture medium).
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Evaluation of adhesion formation.

Fourteen days postoperatively the rats were sacrificed for assessment of post-surgical
adhesion formation. Macroscopically the adhesions were scored according to their extent
(quantity) and type (quality) by three independent chservers. Quantification was assessed by
dividing the area to be scored into eight by means of the three 5-0 sutures in the lateral
peritoneum {Figure 4.1). The presence or absence of adhesions in the eight demarcated
areas was scored. If there were adhesions in an area this accounted for 12.5% adhesions; a
maximum of 100% adhesions could be scored. In each rat two |ateral peritoneal sides were
assessed. The type of adhesions formed was classified macroscopically using the Zithike
classification (Table 4.1)."

suture 1 sufure 2 suture 3
12.5% \L 12.5% 12.5% 12.5%
12.5% /i\ 12.5% ’\ 12.5% /} 12.5%

Figure 4.1
The extent of adhesion formation was quantified by dividing the "defect” area to be scored into
eight areas of 12.5% by means of the three sutures.

Score  Characteristics

1 Filmy adhesion, easy to separate by blunt dissection

2 Stronger adhesion: blunt dissection possible, partly sharp dissection necessary;
beginning of vascularization
Strong adhesion: lysis possible by sharp dissection only; clear vascularization

4 Very strong adhesion: lysis possible by sharp dissection only; organs strongly
attached with severe adhesions: damage of organs hardly preventable

Table 4.1

Macroscopic {morphological) classification of abdominal adhesions according to Zihlke et
8|.12
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Statistical analysis

Data were expressed as mean adhesion percentage £ SD. Statistical analysis was performed
using the one~way ANOVA test to determine overall differences followed by a Bonferroni post
hoc test to analyse differences between groups if the ANOVA test showed significance.

Statistical significance was defined as p < 0.05
RESULTS

In almost all peritoneal cavities, adhesions were found after 2 weeks. No pathological
conditions as bowel cbstruction, peritonitis or abscesses had occurred.
Table 4.1 and 4.2 show that infliction of minimal {(ischaemic) peritoneal trauma alone induced a
mean adhesion percentage of 22.5% and that additional peritoneal lavage with all five lavage
solutions gave rise to significantly higher mean adhesion percentages.

Adhesion formation after peritoneal lavage with non-aggressive solutions

Table 4.2 shows that peritoneal lavage with non-aggressive solutions as NaCl 0.9% or
povidone-iodine (PVP-1) after infliction of minimal peritoneal trauma caused over 150% more
adhesicns than infliction of minimal peritoneatl trauma alene (p = 0.0001). The mean adhesion
percentage found after peritoneal lavage with NaCl 0.9% did not significantly differ from that
observed after lavage with povidone-iodine (p = 0.61). Adhesions found after minimal
ischaemic peritoneal trauma were all filmy (ZUhlke type 1). The adhesions formed after
peritoneal Javage with NaCi 0.9% or povidone-iodine were more dense and could be classified

as Zlhlke type 1-2. In all groups only pelvic fat took part in the adhesion formaticn.

Adhesion formation after peritoneal lavage with aggressive solutions.

Tables 4.2 and 4.3 show (again) that peritoneal lavage with non-aggressive solutions as RPMI
or Viaspan after infliction of minimal peritoneal trauma induced about 100% more adhesion
formation than infliction of minimal peritoneal trauma alone {p < 0.01). Table 4.3 also shows
that peritoneal lavage of a minimally ifraumatised peritoneal cavity with chlorhexidine (0.02%;
1:10), an aggressive solution for mesothelial cells in culture, induced significantly more
adhesion formation than lavage of minimally traumatised peritoneum with RPMI or Viaspan (p
< 0.012). The adhesions found after peritoneal lavage with RPMI or Viaspan were dense
(Zlhlke type 2} and involved pelvic fat and seldom the uterine hom. Adhesions found after
lavage with chlorhexidine were more dense {Zihlke type 3) and the uterine homn, the bowei

and pelvic fat were involved in adhesion formation.
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Lavage solution n | Percentage adhesion Zihlke p1 p2 p3

formation (SD) score
la (-} — " .. ‘01 S—
if. NaCl 0.9% 5 60.0 (11.4) 1-2 ns
. PVP- 1% 5 63.8 (11.2) 1-2 0.0001
Table 4.2

Mean adhasion percentages (SD) and Ziihlke classification of adhesions found after minimat
peritoneal trauma alone (group |} and after peritoneal favage with NaCl 0.9% (group i} or
povidone-iodine 1% 1:100 {group 1) following infliction of minimal peritoneal trauma. For each
rat, the individual data concerning the 2 lateral abdominal wall sites (uterine horns) were
averaged; n is the number of data (= rats) per group used for analysis. Statistics p1 {I versus
i), p2 (H versus 1} and p3 (I versus IHl}. one-way ANOVA test, with Bonferroni post hoc test.

Lavage solution n | Percentage adhesion
formation (SD)

Ziihlke

5C0ore

p2 p3

477 (12.2)
V. Vispan 6 40.6 (13.0}
VI. Chlorhexidine 6 70.8 (14.1)
Table 4.3

Mean adhesion percentages (SD} and Zilhlke classification of adhesions found after peritoneal
lavage with RPMI (group IV), Viaspan (group V} or chiorhexidine 0.02% 1:10 {group Vi)
following infliction of minimal peritoneal trauma. For each rat, the individual data concerning
the 2 lateral abdominal wall sites (uterine homns) were averaged; n is the number of data (=
rats) per group used for analysis. Statistics: p1 (IV versus V), p2 (V versus VI) and p3 (IV
versus Vi) one-way ANOVA test, with Bonferroni post hoc test.
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DISCUSSION

Intra-peritoneal postoperative adhesion formation creates a major challenge to abdominai
surgery, as it is the main cause of mechanical bowel obstruction, unexplained abdominal pain
and female infertility. Furthermore the presence of dense adhesions makes reoperation
technically difficutt. By far the most common cause of intra-peritoneal adhesions is previous
surgical intervention.” Intra-abdominal surgery will, by traumatising of the peritoneum, after
mesothelial activity and inflammatory responses of the peritoneum and disturb the fibrinolytic
homeostasis."* ** Previous in vitro studies show that exposure of the peritaneum to different
lavage solutions enhances mesothelial functional features and provokes an inflammatory
response.>®

We have assessed the effect of peroperative peritoneal lavage, with non-aggressive and
aggressive solutions, in vivo on postoperative adhesion formation. We used an established
reproducible rat adhesion model in which standardised peritoneal frauma, which mimics
peritoneal injury induced in patients during abdominal surgery, was inflicted before peritoneal
irrigation took place. As in our previous studies the infliction of standardised minimai ischaemic
peritoneal trauma caused a mean adhesion percentage of 22%. The present study shows that
peritoneal lavage of areas with ischaemic injury is associated with increased adhesion
formation. Aggressive as well as non-aggressive solutions caused significantly more
adhesions. Peritoneal lavage with aggressive solutions increased adhesion formation
significantly more than lavage with non-aggressive solutions. Irrigation with aggressive fluids
gave rise fo adhesions that were more dense and contained mere organs than the adhesions
formed afier irrigation with non-aggressive solutions.

Possible explanations for the induction of adhesions by lavage solutions include cellular injury,
increased peritoneal permeability and peritoneal activation.'® We have studied celiular injury by
measuring the release of an intracellular enzyme (LDH) in vifro and in peritoneal fluid of
patients undergoing elective colonic surgery and noted increased levels of LDH after exposure
fo lavage solutions (unpublished data). Furthermore, permeability studies with a
macromaolecule (inulin) after treatment of mesothelial monolayers with lavage solutions showed
disturbance of mesothelial integrity with increase permeability. This facilitated passage for
macromolecules may cause increasing fibrous exudation to the abdominal cavity and thereby
induce adhesion formation. In vifro studies also show an increased pro-inflammatory peritoneal
cytokine response after exposure to various solutions. /n vivo these increased cytokine
concentrations may lead fo an enhanced inflammatory response and increased adhesion
formation.® ® Moreover, procoagulant and fibrinolytic properties of human mesothelial
monolayers were also affected by various solutions in earlier in vitro experiments.”

Notwithstanding an overall increase of responses of human mesothelial cells in culture to
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various kinds of clinically used lavage solutions, not all solutions induced an equal effect. in the
current in vivo study no significant difference in the extent of postsurgical adhesion formation
was observed hetween exposure of the peritoneal cavity to NaCl 0.9% or povidone-iodine 1%,
1:100. This discrepancy between in vilro and in vivo results may be explained as follows.
Firstly, by observations indicating that the cytokine profile and peritoneal fibrinolytic actvity
differ in different species.””" In humans, intra-peritoneal responses to stimuli may differ and be
more complicated compared with respenses in the rat. Secondly, povidong-iodine as a highly
viscous solution reduced mesothelial cell activation in vifro probably by coating the cells. In vivo
the coating effect over the entire peritoneat surface may not be as effective as in vitro.

Studies at our laboratories have emphasised the use of scavengers fo minimise human
mesothelial cell damage and activation during oxidative stress. The trauma induced in this rat
model was mainly ischaemic injury. Therefore, we also tested the organ preservation fluid
Viaspan, regarded as more biocompatible as it contains lactate and oxigen radical scavengers
(glutathione and allopurincl). Nevertheless peroperative lavage with Viaspan also induced a
significant increase of adhesion formation. However the effect of antioxidants on mechanisms
underlying the initiation of fibrin appeared also to be species specific in another experimental
study.?

In conclusion, this study is in accordance with previous in vifro experiments with human
mesothelial cells. This study shows that exposure of the abdominal cavity to peritoneal lavage
solutions may lead to more postoperative adhesion formation. Therefore, peroperative
irrigation with any kind of lavage solution should be discouraged especially during surgery in
non-contaminated abdominai cavities. Further studies fo establish the composition of an ideal
lavage solution which does not traumnatise the peritoneum and which might even protect the

peritoneum from the effects of trauma seems 1o be indicated.
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PART 1li

Surgical Peritoneal Trauma and intra-Abdominal

Tumour Recurrence






Chapter V

Reduction of Peritoneal Trauma by Using Non-
Surgical Gauze Leads to Less Implantation
Metastasis of Spilled Tumour Cells

Adapted from the originat publication in the Annals of Surgery 1998; 227: 242-248

After potentially curative resection of colorectal carcinoma, the most common site for recurrence
is loco-regional. We previcusly demonstrafed that surgical frauma induces a cascade of evenis
leading o adhesion formation. The same mechanisms may be responsible for improved tumour
cell adherence and growth facilitation in early local recurrence. The objective of this study was to
evaluate whether surgical peritoneal frauma affects tumour recurrence.

A reproducible rat model, in which perifoneal damage was inflicted by standardised rubbing of
the peritoneum with surgical gauzes of different texture, was used fo assess tumour cell
adherence and growth at fraumatised and non-fraumatised peritoneal sites. In an analogue rat
model the effect of peritoneal trauma on "ectopic” tumour growth was investigated. The final
experiment evaluated how socon after peritoneal trauma tumour cell adhesion and growth
promoting factors were active and whether they could be passively transferred tfo naive non-
traumatised abdominal cavities.

A significant correlation befween the amount of peritoneal trauma and degree of tumour load at
damaged peritoneal surfaces was found (p < 0.018). Tumour load af not directly traumatised
remote peritoneal sites was significantly higher after severe frauma than following moderate
trauma of the peritoneum (p <0.005}). In addition, & significant correlation between the degree of
peritoneal tratma and the growth of “ectopic” tumours, situated under the renal capsule, was
chserved (p < 0.009). Within a few howrs after infliction of perifoneal frauma tumour cell
adhesion and growth promoting effects could be passively fransferred 1o naive recipients.
Surgical trauma is an important factor in the promotion of focal tumour recurrence. The
enhancing effect of frauma is not resiricted to the inflicted site but rather has a generalised
character. Avoidance of unnecessary surgical trauma by employing gentle techniques and
materials is therefore indicated.
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INTRODUCTION

Loco-regional recurrence of colorectal adenocarcinoma remains an important complication after
potentially curative surgical resection. lts incidence varies between { and 455%™ Ways to
prevent these locc-regional recurrences are the subject of varicus clinical and experimantal
studies.”® The most common site for colorectal adenocarcinoma to recur is the site of the
primary tumour; the second is the peritoneal surface? ® ' ™ The tumour cel entrapment
hypothesis might explain this pattern of surgical treatment failure resulting in loco-regional
recurrence. When a tumour is removed, tumour cells can leak from transected tymphatics into
the abdominal cavity.”® Experimentai studies have shown that the proliferative and metastatic
potentials of these spilled cells are very well preserved. Consequently exfoliated carcinoma ceills
may undergo further division and give rise to implantation of metastases.™ " However,
implantation of spilled tumour cells on surfaces with intact basement membranes is an inefficient
process, whereas implantation on damaged surfaces, resulting from intra-abdominal
manipulation, is very efficient”® ™ The dynamic process of peritoneal healing following
ischaemic damage of the peritoneal surfaces, sometimes leading to adhesion formation, also
seems to be important in the process of adhesion and growth of spilled tumour cells to the
peritoneum.’ In clinical situations, it appears that peritoneal tumour implants may recur within a
fibrous adhesion resulting from surgical trauma.'

In a rat modet we recently showed that surgical trauma evoked by standard surgical gauze led to
marked adhesion formation, which could significantly be reduced by using non-abrasive textile. '
The present study was underiaken o evaluate whether the intra-abdominal use of this less
traumatic non-surgical textile would also lead to less intra-peritoneat tumour cell adhesion and
tumecur growth of spilled carcinoma cells. In addition, experiments were performed to evaluate
whether the relationship between degree of trauma and tumour growth was merely a local

phenomenon, or whether systemic effects might also be involved.
MATERIALS AND METHODS

Animals

Female inbred WAG rats of reproductive age weighing 115-170 g (Marlan-CPB, Austerlitz, The
Netherlands) were used. They were bred under specific pathogen-free conditions, kept under
standard laboratory conditions {temperature 20-24°C, refative humidity 50-60%, 12 hours light/
12 hours dark)} and fed with standard rat foed and water ad fibitum. The experimental protocol
adhered to rules taid down by the Dutch Animal Experimentation Act and was approved by the

Committee on Animal Research of Erasmus University, Rotterdam, The Netherlands. Before
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performing any new experiments we made sure that the modet used in our adhesion studies,®
executed on Wistar rats, were also vailid in WAG rats.

Gauzes

The used "gauzes" were surgical Medipres gauze, consisting of 100% cotton, commonly used in
abdominal surgery (van Heek Medical, Losser, The Netherlands), and non-surgical Fastsorb
cleanroom wiper, used in the electronics industry on abrasion-sensitive surfaces (Berkshire
Corporation, Great Barrington, Massachussets, USA). Fastsorb is a rayen-polyester blend which
possesses sfrength and softness combined with a high absorbing capacity. In previous
experiments we demonstrated that non-surgical Fastsork textile was less traumatic for the
peritoneum and caused less adhesion formation after intra-abdominal manipulation than surgical

Medipres gauze."

Tumour

Tumour CC531 is a moderately differentiated, weakly immunogenic coloni¢c adenocarcinoma
induced in WAG rats by 1,2~dimethylhydrazine.1? It is transpiantable in syngensic WAG rats. The
fumoeur is maintained as a cell culture it RPMI 1640 medium (Gibco, Paisley, UK) supplemented
with 5% foetal calf serum (virus- and Mycoplasma-screened}, 1% penicillin (5000 U/ml), 1%
streptomycin (5000 U/mi) and 1% L-glutamin (200 mM). Before use in vivo tumour cells were
harvested from stationary cultures by gentle trypsinisation (5 minutes, 37°C), centrifugation (5
minutes, 700 g) and re-suspension in RPMI 1640, providing cell suspensions with a viability
greater than 95%. CC531 is relatively insensitive to chemctherapy, but sensitive to the effects of
biclogical response modifiers. To grow solid tumour, 1 x 10° tumour celis were injected into the
right flank of a syngeneic WAG rat. After 6 weeks, a tumour mass with & volume of 2.5 cm® had
grown and could be aseptically isolated from the outer membrane of the main lesion with a
scalpei. The harvested tumour was cut into 1 mm® cubes (weighing 5.8 - 7.2 mg} and immersed
in a culture solution stored at 4°C. Withits 1 to 4 hours after collection of the solid CC531 tumour,

the cubes were implanted sub-renally in syngeneic WAG rats.

Operative procedures

Under ether anagsthesia the abdomen was shaved and cleansed with alcohol 70%. Laparctomy
was performed using a lower midline incision of 5 cm. Both horns of the uterus were exposed,
and rubbed either with severely traumaiising surgical Medipres gauze, or less traumatising non-
surgical Fastsorb textile, or not manipulated at all by any gauze. Rubbing took place using a
device enabling the application of a constant pressure of 120 gricm”.® The uterus homn was

rubbed 10 times over its total length. Thus, three different peritoneal traumas could be inflicted.

71



After performing one of these 3 procedures, the uterus hom was subseguently sutured to the
lateral peritoneumn, both proximally and distally, using single Surgilene 6-0 sutures (B Braun,
Melsungen AG, Germany). The abdomen was closed in 2 layers with Dexon 5-0 and silk 2-0

sutures (B Braun).
Experimental design

Effect of uterus horn manipulation on intra-peritoneal tumour cell adhesion and growth

Ten rats (group 1) underwent an operation in which one uterus horn was rubbed with surgical
gauze and the other was not manipulated. In 10 rats (group II}, one uterus horn was rubbed with
non-surgical textile and the other was not touched. In 9 rats {group I}, one uterus horn was
rubbed with surgical gauze and the other with non-surgical textile. Directly after manipulation of
the peritoneum and before closing the abdomen, 0.5 x 10° CC531 tumour cells, in 1 ml RPMI
1640, were injected intra-peritoneally (0.5 mi along the left and 0.5 mi along the right abdominal
wall). Three weeks after surgery, the rats were sacrificed and intra-peritoneal tumour load was
scored semiquantitatively at the following sites: right uterus horn, left uterus horn,
subcutaneously {at the site of the operative scar), parietal peritoneum (at the lateral abdominat
wall sides where no uterus horns were fixed}, kidney, liver, retroperitoneum and omentum. The
scoring was performed by 2 independent observers and ranged from 0 to 5 per site according to
the peritoneal cancer index derived from an index described by Steller.’™ A score of 0 meant
there was no tumour growth, a score of 1 indicated an estimated tumour diameter less than 0.5
cm, a score of 2 a tumour diameter between 0.5 and 1 c¢m, a score of 3 a mour diameter
between 1 and 2 cm, a score of 4 a tumour diameter between 2 and 3 ¢m, and a score of 5 a
tumour diameter of more than 3 cm (Figure 5.1). For each rat the score at all peritoneal sites,
except for the uterus horns, were summarised, from which a mean total tumour load per rat
could be estimated. In the present study the term tumour recurrence is sometimes used to
iflustrate tumour foad, which is the assumed net result of tumour cell adhesion and tumour
growth, because we presume intra-peritoneal injecting of tumour cells resembles the clinical

situation of tumour celt spill during tumour resection.

Effect of uterus horn manipulation on established “ectopic” tumour growth

On day 1, 30 rats underwent a laparotomy using a midline incision of 2.5 cm. A solid cube of
CC531 colon turmour weighing about 6 mg was placed under the capsule of both exposed
kidneys under microscopic vision. Thereafter, the abdomen was closed in one layer. On day 3,
all 30 rats were operated on again. Both uterus horns and 5 cm of the small bowel were rubbed,

in 10 rats {group IV) with surgical gauze, and in 10 rats (group V) with non-surgical textile. Group
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Vi (n = 10) underwent a laparotomy only; neither the feft nor the right uterus horn nor the small
bowel were touched. Ten days after tumour implantation, the rats were sacrificed and growth of
the sub-capsular tumours was measured by weighing the 60 e-nucleated lumps. (for each rat,

the 2 individual data were averaged, 10 data per group were used for statistical analysis).

Passive transfer experiments

To evaluate whether the tumour-promoting effect of surgical trauma of the peritoneum couid be
passively transferred to naive non-traumatised rats, the following procedure was employed.
Three rats were operated on. Two animals underwent a laparotomy, during which both uterus
horns and a 5 cm long part of small intestine were rubbed with either surgical gauze (rat 1} or
non-surgical textile (rat 2}. The third rat only underwent a laparotomy. The abdomen was closed
in one layer. After 5 hours, these rats underwent a second laparotomy during which the
abdominal cavity was rinsed % times per rat with 5 mi RPM| 1640. Each time, 1 ml of the injected
irmigant was collected.

Subsequently, 15 naive rats were treated. In 8 rats (group VII), 1 ml of irrigant collected from rat
1 (peritoneal manipulation with surgical gauze} and 0.5 x 10° CC531 tumour cells in 1 ml RPML
1640 were injected intra-peritoneally along the inner left and right abdominal walls. In 5 rats
(group VIi1}), the same procedure was performed with the irrigants collected from rat 2 (peritoneal
manipulation with non-surgical textile). In the last group (group 1X), irrigants collected from rat 3
(no peritoneal manipulation) were used. To ensure that all fluids were injected intra-peritoneally,
the drop test was performed. In this test a drop of saline solution is placed within the open lumen
of the injecting needie from which it should disappear as scon as the needle enters the
peritoneal cavity because of its relative negative pressure.

After 3 weeks, the rats were sacrificed and tumour load was scored semiquantitatively at the
sites depicted in Table 5.4.

Statistical analysis

The median and range of intra-peritoneal tumour load at each site, of the total tumour load and
the means and standard deviations {SD) of the sub-renal tumour weights were calculated per
group. Statistical analysis was performed using the Wilcoxon matched pairs test if two groups
were compared and the non-parametric Kruskal-Wallis test if three groups were compared. If the
latter overall test indicated significance, comparisons between groups were made using the

Mann-Whitney U test. Statistical significance was defined as p < 0.05.
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Figure 5.1
Examples of tumour load score at directly traumatised peritoneal sites. A: Tumour load at a

uterus horn severely traumatised by rubbing with surgical Medipres gauze (score 5). B:
Tumour load at a uterus horn mildly traumatised by rubbing with non-surgical Fastsorb textile

(score 2). B Uterus horn, & tumour load.
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RESULTS

Effect of uterus horn manipulation on intra-peritoneal tumour cell adhesion and growth

Table 5.1 summarises the results cbserved at the site of the uterus horns. In three different
experiments, a significant correfation was found between tumour load and the degree of
perifoneal trauma imposed by rubbing. Rubbing with severely traumatising surgical gauze
produced the highest tumour load, whereas no rubbing resulted in the lowest (group {; p =
0.005). Rubbing with mildly traumatising non-surgical textile evoked a low degree of tumour load,
but it was still significantly more than when no rubbing had taken ptace (group tl; p = 0.018). At
the site of the uterus horns, the tumours were often located in adhesions. Table 5.2 shows the
tumour load at the non-manipulated remote peritoneal sites in rats from groups |, I and 11§ It
shows significant differences in tumour load at 2 abdominal sites (the retroperitoneum (p < 0.01)
and the omentum {p < 0.01)) between group Il {non-surgicat textile) and groups | and It (surgical
gauze). A significant difference in total tumour load between the same groups (H versus [ and |l
versus 1)y was found {p < 0.005). Differences in tumour load at the other 3 peritoneatl sites were

not significant.

Effect of uterus horn manipulation on established “ectopic” tumour growth

The mean weight of the sub-renal tumours was measured 10 days after tumour implantation, 7
days after manipulation with surgical gauze or non-surgical textiie. Significant differences in
mean tumour weight between the 3 groups were found (Table 5.3). Again, a significant
correlation between degree of peritoneal trauma and turmour growth was observed: the mean
weight of the "ectopic” tumour was the highest in rats that were rubbed with surgical gauze
(group V) and significantly iower in rats rubbed with non-surgical textile (group V) {(p = 0.009).
When the peritoneum was not touched (group V1), the lowest mean tumour weight was found,
significantly lower than after rubbing with non-surgical textile (p = 0.002) or surgical gauze (p <
0.0001).

Passive transfer experiments

The median total peritoneal fumour load in rats injected with irrigants collected from abdominal
cavities, manipulated with surgical gauze or non-surgical textile or not differed significantly from
each other (Table 5.4, p < 0.016). These differences were mainly due fo differences at the site of
the omenturn and the kidney. As in the previous experiments, a decreasing gradient of tumour
load was found, from surgical (group Vi) to non-surgical {(group Vill) to non-traumatised (group

IX) abdominal cavities.
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Uterus horns n Median tumour load (range) p1 p2 p3

Ia

No touch T ] 0.0 (0-2)
I®. Medipres rubbing | 10 4.5 {3-5) 0.005
II”. No touch 10 0.0 (0-2)
1I°. Fastsorb rubbing 10 2.0 (0-3} 0.018
HI®. Medipres rubbing | 9 5.0 (4-5)
III°. Fastsorb rubbing | 9 1.0 {0-3) 0.008
Table 5.1

Median tumour load {range) at uterus horns severely traumatised by rubbing with surgical gauze
(group I° and III%), at uterus horns mildly traumatised by rubbing with non-surgical textile (group
II° and HI®) and at not directly traumatised uterus homs (group II° and 1IIF). N is the number of
uterus horns assessed. Statistics p1 (¥ versus 1%), p2 (II* versus II®) and p3 (1P versus 1I° ):
Wilcoxon Matched pairs test.

Abdominai sites Tumour load | Tumour load | Tumour load p1 p2 p3

|. Medipres | Il. Fastsorb H.M&F
n=10 n=10 n=9
bcuﬂ — = (13) —_ (_3) B . (_4) N - =
Parietal peritoneum 0(0-2) 0 (0-1) 0 {0-1) ns ns ns
Kidney 1(0-2) 1(0-2) 1(0-2) ns ns ns
Liver 2 (0-3) 1(0-2) 2(1-3) ns ns ns
Retroperitoneum 2 (1-3) 1(0-2) 2(1-3) 0.007 | 0.0% ns
Omentum 2(0-3) 1(0-1) 2(2-4) 0.01 | 0.0001 ns
Total 1.5 (0-3) 1.0 (0-3) 1.5 (0-4) 0.005 | 0.001 ns
Table 5.2

Median tumour load (range) at different not directly traumatised peritoneal sites in rats having
been intra-abdominally manipulated by severely traumatising surgical gauze (group 1), mildly
traumatising non-surgical textite (group 1) or a combination of both materials (group Iil). N is the
number of treated rats, Statistics p1 (| versus 1), p2 (il versus ) and p3 (| versus I1): Kruskal-
Wallis test, with a Mann-Whitney U post-hoc test.
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Uterus horns n Mean tumour weight (mg) p1 p2 p3

(SD)
IV. Medipres rubbing 10 34.14 (7.2) 0.009
V. Fastsorb rubbing 10 28.01 (6.5) <0.0001
V1. No touch 10 17.80(6.1) 0.002
Table 5.3

Mean tumour weight (SD) of the sub-renal tumours affer intra-abdominal rubbing with severely
traumatising surgical gauze (group IV}, with mildly traumatising non-surgical textile (group V) and
after no rubbing of the peritoneum at all (group V1. N is the number of operated rats, per rat the
mean weight of two sub-renal tumours were assessed and used for analysis. Statistics p1 (IV
versus V), p2 (V versus V1) and p3 (IV versus VI): Kruskal-Wallis test, with a Mann-Whitney U
post-hoc test.

Abdominal sites Tumour load | Tumourload | Tumourload | p1 p2 p3
VIl. Medipres | V. Fastsorb | IX. No touch
n=10 n=10 n=10

;_ers Om {)_0) I (- I — - - - nS
Right uterus horn 0 (0-0) G {0-0) 0 (0-0) ns ns ns
Subcutis 0 (0-0) 0 (-0} 0 (0-0) ns ns ns
Parietal peritoneum 0 {0-0} 0 (0-0) 0 (0-0) ns ns ns
Kidney 2(0-3) 1{0-2) 0 (0-0) ns 0.03 | 0.03
Liver 2 (1-3) 1 (0-2) 0{0-2) ns ns ns
Retraperitoneum 1 (0-3) 1(0-2) 1{0-2) ns ns ns
Omentum 3(2-5) 1{0-3) 0 (0-2) 0.03 ns 0.008
Total 0 (0-5) 0 (0-3} 0(0-2) 0.02 | 0.002 | 0.008
Table 5.4

Median turmour load (range) at different peritoneal sites in rats infra-abdominally injected with
trrigant obtained from rats that underwent rubbing of the peritoneum with severely traumatising
surgical gauze (group VH), mildly traumatising non-surgical textile (group VIl}, or no rubbing at
all {group 1X). N is the number of treated rats. Statistics: p1 (VIl versus VIII), p2 (VIll versus X}
and p3 (V11 versus EX): Kruskal-Wallis test, with a Mann-Whitney U post-hoc test.
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DISCUSSION

Experimental and clinical studies suggest that surgical frauma promotes tumour cell adherence
and tumour growth.” %% The mechanism by which surgical trauma promotes these processes
is not completely understood but is probably mulii-factorial, because tumour cell adherence as
well as local and regional tumour growth can be enhanced. It seems that trauma leads to a
process during which locally and regionally active tumour promoting agents are produced.’™ ™
We recently demonsirated that surgical Medipres gauze was more traumatising to the
peritoneum than non-surgical Fastsorb textile, leading to significantly more adhesion formation. ™
Our current data suggest that the factors responsible for the formation of postsurgical
adhesions also play a role in the adhesion and growth of tumour cells o the peritoneun. The
most impressive tumour load was observed at sites where abrasion of the mesothelium was
most severe. The degree of tumour recurrence at fraumatised sites was highly correlated with
the degree of frauma; abrasion with surgical gauze produced the highest tumour load whereas
untouched peritoneum showed the lowest tumour burden and surfaces traumatised by non-
surgical textile presented intermediate tumour encumbrance. The finding that traumatised
surfaces are privileged sites for tumour cells has been demonstrated before.' * %' It is
conceivable that the process of enhanced tumour recurrence in fraumatised tissue is biphasic.
Firstly, trauma of the peritoneum and the ensuing inflammatory response will fead to
upregulation of adhesion molecules, thus promoting the anchoring of tumour cells. Second, the
subsequent healing of the peritoneum leads to growth promotion of the adhered tumour cells
through the action of focally produced growth factors.

Using the same tumour model as in the present study, we recently demonstrated that the
phenomencn of enhanced tumour recurrence as it relates to trauma and healing also oceurs in
other experimental settings. It was found that laparoscopic removal of a bowel segment led to
less adherence and growth of intra-peritoneal fumour cells than when conventional surgery was
performed, again indicating that the degree of surgical trauma was proportional to the extent of
tumour recurrence  In addition, we observed that the growth of a regenerating liver following
partial hepatectomy led o a marked propagation of infra-hepatic tumour growth =%
Interestingly, our present results indicate that the sequelae of peritoneal trauma with regard to
tumour recurrence are not confined to the inflicted site itself, Hut appear fo have a generalised
character. We showed that trauma fed fo more fumour at the fraumatised site and also at non-
traumatised peritoneum. Again, the amount of fumour at these loco-regional sites corretated with
the severity of the inflicted trauma. This clear correlation was also found in the experiment in
which we studied the effect of peritoneal trauma on tumour growth under the renal capsule.

Even in this "ectopic” tumour model, the consequences of the intra-abdominal trauma were
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demonstrable. Because promotion of adherence was irrelevant in this model, this experiment
also revealed that trauma could evoke enhancement of the growth of an established tumour.
Gutman et al made comparable observations, finding that a regenerating liver induced enhanced
tumour growth not only in the liver but also at distant sites.”

Qur final experiment, in which we demonstrated that within a few hours after infliction of
peritoneal traumna, the effects on tumour recurrence couid be passively transferred to naive
recipients, supports the notion that trauma per se has a marked effect, most likely on tumour cell
adhesion.

Taken together, the current experiments suggest that both tumour cell adherence and tumour
growth are modified by surgical trauma. It is clear that the present model provides unique
possibilities to further unravel the similarities and differences between the processes of adhesion
formation and tumour cell adhesion and tumour growth. Variables such as kinetics of adhesion
molecule expression with regard to inflammatory cytokines and growth factors and the role of
mesothelial hyaluronic acid and CD44 are currently being investigated. These studies may lead
to sophisticated tools to prevent the unwanted side effects of surgery. On the other hand, the
present study clearly indicates that these unwanted side effects already can partly be omitted by

employing delicate surgery, using non-abrasive gauze material.
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Chapter VI

Glove Powder Promotes Adhesion Formation and
Facilitates Intra-Peritoneal Tumour Cell Adhesion
and Growth

Adapted from the original publication in the British Journal of Surgery 2001; 88; 1258-1263

The presence of foreign material in the abdominal cavily during surgery irritates the
peritoneal surface leading to an inflammatory reaction of the peritoneum. This defensive
mechanism can provoke adhesion formation. The same peritoneal defence cascade is
thought to play a role in the process of intra-abdominal tumour recurrence. The aim of this
study was fo evaluate whether the adhesion provoking effect of glove powder could be
reproduced in our raf adhesion mode! and to evaluate whether glove powder also promotes
intra-abdominal tumour recurrence in our rat tumour cell adhesion and growth model.
Reproducible rat models allowing semiguantitative scoring of adhesion formation and tumour
load were used fo observe adhesion formation and tumour recurrence in three different
groups of rats. One group was treated by intra-abdominal application of powder obtained
from starch-powdered gloves, one by application of pure starch and in one group no
application of powder took place.

Local application of giove powder or pure starch on minimally and severely traumatised
peritoneum gave rise to a, comparable, significantly higher percentage of adhesion formation
than infliction of peritoneal trauma alone (p < 0.0001}. Peritoneal application of glove powder
or pure starch induced significantly more intra-abdorminal tumour load than when no powder
was applied {p <0.002)

Starch induced peritoneal trauma not only leads to more adhesion formation but also o
increased adhesion and growth of free intra-abdominal tumour cells. This finding adds to the
afready existing evidence that intra-abdominal contamination with starch from starch
powdered gioves should be avoided. Since good powder-free alternatives are available there

is no longer any justification for the use of powdered gloves during intra-abdominal surgery.
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INTRODUCTION

Postoperative adhesions are abnormal unions between peritoneal surfaces which occur after
almost every intra-abdominal surgical intervention and can lead to a number of
complications. A variety of therapeutic modalities to reduce postoperative adhesion formation
has been studied but clinical useful therapy is currently not available. The sole available
strategy to reduce postoperative adhesions is prevention by limiting peroperative trauma of
the peritoneum. Over a period of 45 years, several studies have shown that exposure of
peritoneum to starch powder present on surgical gloves leads to an inflammatory response
of the peritoneum and contributes to adhesion formation.™® Exposure of already njured
peritoneal surfaces to starch enhances the intensity of the peritoneal reaction and gives rise
to more and stronger adhesions than peritoneal frauma or starch alone.” ® In previously
described rat studies we showed that surgical trauma of the peritoneum promotes adhesion
formation and that the intensity of inflicted trauma correlates with the extent of adhesion
formation.” One aim of the present study was to evaluate whether the experimentally and
clinically observed effect of giove powder on peritoneal adhesion formation could be
reproduced in our rat adhesion model and fo differentiate whether starch powder alone or
also other glove contents are responsible for peritoneal damage and subsequent adhesions.

Following potentially curative resection of gastro-intestinal carcinoma, local recurrence and
peritoneal dissemination are common in tumour recurrence.® Distribution patterns of first
peritoneal recurrence show that the resection site is preferential, and combined recurrence
on peritoneal surfaces and resection site is common.” Early precperative tumour cell
seeding and peroperative shedding of tumour cells, due to handling the tumour and leakage
from dissected lymphatic channels, are the most likely causes of tumour recurrence.”’ The
tumour cell entrapment theory proposes that the fibrinous exudate, formed as an initial
response to surgical trauma of the peritoneum, facilitates implantation of cancer cells onto
raw tissue.'’ The dynamic cascade of peritoneal healing, induced by peritoneal damage,
leading to adhesion formation also seems to be important in the process of intra-peritoneal
adhesion and growth of tumour cells. Indeed, previously described clinical and experimental
studies showed that surgical irauma may promote intra-abdominal tumour recurrence.’®"
The degree of inflicted trauma correlated with the extent of intra-abdominal tumour load.™
The secondary aim of this study was, therefore, to analyse whether the traumatic effect of

glove powder on peritoneum also promotes intra-abdominal tumour recurrence.
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MATERIALS AND METHODS

Animals

Female inbred WAG rats of reproductive age weighing 120-160 g were obtained from
Harlan-CPB, Austeritz, The Netherlands. They were bred under specific pathogen-free
conditions, kept under standard laboratory conditions (temperature 20-24°C, relative humidity
50-60%., 12 hours light and 12 hours dark cycles) and fed with standard rat food and water
ad libifflum. The experimental protocol adhered to rules laid down by the Dutch Animal
Experimentation Act and was approved by the Committee on Animal Research of the
Erasmus University Rotterdam, The Netheriands.

Surgical gloves; isolation of glove powder

Starch-powdered gloves (Baxter, Utrecht, The Netherlands) were cut into pieces of 1 x 1cm,
The glove parts were washed in phosphate buffered saline (PBS) by gentle sfirring during 24
hours. Subsequently the suspension was filtered over a stericup filter with a pore size of 0.22
um (Millipore, Ettenleur, The Netherlands). The particles left behind on the filter were
centrifuged (2500 rpm, 10 minutes). The supermnatant was removed and the pellets were left

{o dry under sterile conditions for 24 hours. The obtained powder was used for further
experiments.

Pure starch

It might be possible that enforcing the described process of isclating powder from starch
powdered gloves accidentally extricated other glove contents. To investigate whether starch
alone or in combination with other glove contents were responsible for any effects on
adhesion formation and tumour cell adhesion and growth all experiments were also
performed with pure starch obtained from Regent Hospital Products, London, UK.

Three mg of glove powder or pure starch was used in subsequent experiments. This dose is
large compared to the amount of glove powder that might be left in the peritoneal cavity
during laparotomy in humans. However laparotomy in humans lasts longer than in rats so

glove powder will obviously irritate the peritoneum for a longer period.

Tumour

Tumour CC531 is a moderately differentiated, weakly immunogenic colonic adenocarcinoma
induced in WAG rats by 1,2-dimethylhydrazine.® |t is transplantable in syngeneic WAG rats,
The tumour is mainiained as a cell culture in RPMI 1640 medium supplemented with 5%
foetal calf serum (virus- and Mycoplasma-screened), 1% penicillin (5000 U/mL), 1%
streptomycin (5000 W/mL) and 1% L-glutamin (200 mM}. Medium and all supplements were
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obtained from Life Technologicalis BV, Breda, The Netherlands. Cells were passaged once a
week using trypsin (0.05%) and EDTA (0.02%). Before use in vivo tumour cells were
harvested from stationary cultures by gentle trypsinisation (5 minutes, 37°C), centrifugation
(5 minutes, 700 g) and re-suspension in RPMI 1640, providing cell suspensions with a
viability greater than 95%. CC531 is relatively insensitive to chemotherapy but is sensitive to

the effects of biclogic response modifiers.

Operative procedtres

To study the effect of starch-powdered glove particies on adhesion formation in rats our
previously described reproducible rat adhesion model was used.® Briefly, under ether
anaesthesia and aseptic conditions a laparotomy was performed using a lower midline
incision of 5 cm. Three Surgilene 5-0 sutures {Braun, Melsungen, Germany) were applied to
both lateral peritoneal sides 0.7 cm apart and 1.5 cm away from the abdominal incision. All
knots were double, fastened tightly to ensure local ischaemia. Both uterus horns were
exposed, not handled and sutured to the lateral peritoneum with Surgilene 8-0 (Braun)
proximally and distally from the three 50 sutures. In this way a standardised amount of
minimal peritoneal tfrauma was inflicted. Standardised severe peritoneal trauma was inflicted
by additively rubbing the exposed uterus horns with severely traumatising surgical Medipres
gauze {van Heek Medical, Losser, The Netherlands) before suturing them to the lateral
abdominat wall. Rubbing was performed with a device that enabled the application of a
constant pressure of 120 glcm®. The uterus homs were rubbed 10 times over their total
length.

Minimally and severely traumatised peritoneal sides were (further) treated locally by
application of 3 mg of powder obtained from the starch-powdered gloves, by application of 3
mg of pure starch (Regent Hospital Products) or were not exposed to any kind of powder at
all. The abdomen was closed in two layers with 5-0 polyglycolic acid and 2-0 silk sutures
{Braun).

To study the effect of glove powder and pure starch on local tumour recurrence our
previously designed reproducible tumour adhesion and growth model was used.” Under
ether anaesthesia and aseptic conditions a laparotomy was performed using a lower midline
incision of 5 cm. Both uterus horns were exposed and sutured to the lateral peritoneum both
proximally and distaily, using Surgilene 6-0 sutures. Peritoneum of the uterus horn and
lateral abdominal wall side was treated locally by application of 3 mg of glove powder, by
application of 3 mg of pure starch or was not exposed to any kind of powder at all. The
abdomen was closed in two layers with Dexon 5-0 and 2-0 silk sutures.
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Experimental design

Adhesion formation after infliction of minimal peritoneal trauma and additive
application of glove powder or starch

In 20 rats standardised minimal peritoneal trauma was inflicted to both lateral peritoneal
sides by applying the three sutures and fixating the uterus horns to the lateral peritonaum. in
10 rats (group 1) glove powder was applied on one uterus horn while the other uterus horn
was not exposed. In the other 10 rats (group ) pure starch was applied on one uterus horn
while the other one was not exposed.

Adhesion formation after infliction of severe peritoneal trauma and additive
application of glove powder or starch

In 19 rats standardised severe peritoneal trauma was inflicted to both lateral peritoneal sides
by means of the three sutures in the lateral peritoneum and rubbing of the uterus horns. In 9
rats (group It} glove powder and in 10 rats (group 1V} pure starch was applied on one uterus

harn while in both groups the cther uterus horn was not exposed to powder or starch.

Effect of glove powder and starch on intra-peritoneal tumour cell adhesion and growth
Nine rats (group V) underwent an operation during which both uterus horns were exposed
and sutured to the lateral peritoneum. No powder was applied. Before closing the abdomen,
0.5 x 10° CC531 tumour cells, in 1 ml RPMI 1640, were injected intra-peritoneally (0.5 mi
along the left and 0.5 ml aleng the right abdominal wall). Nine rats {group V1) underwent the
same operative procedure with the additional application of 3 mg of glove powder on each
uterus horn. Nine rats (group Vil) underwent the same procedure during which 3 mg of pure
starch was applied on both uterus horns.

Evaluation of adhesion formation

Fourteen days after laparotomy the rats were sacrificed for assessment of intra-abdominai
adhesion formation. Macroscopically the adhesions were scored according to their extent
(quantity) and type (quality) by two independent observers. The extent of adhesion formation
was quantified by dividing the area to be scored into eight by means of the three 5-0 sutures
in the lateral peritoneumn (Figure 3.3, Chapter 3). The presence or absence of adhesions in
the eight demarcated areas was scored. Adhesions in an area accounted for 12.5%
adhesions; thus a maximum of 100% adhesions could be scored. In each rat two lateral
peritoneal sides were assessed. The type of adhesions formed was classified
macroscopically using the Ziihlke classification (Table 3.1, Chapter 3)."
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Evaluation of intra-peritoneal tumour cell adhesion and growth

Twenty-one days after surgery all rats were sacrificed and intra-peritonea!l tumour load was
scored semiquantitatively at the following sites: right uterus horn, left uterus horn,
subcutaneously (at the site of the operative scar), parietat peritoneurn {at the lateral abdominal
wall sides where no uterus homs were fixed), kidney, liver, retroperitoneum and omentum. The
scoring was performed by two independent observers and ranged from 0 to 5 per site (Table
6.1). For each rat the score al peritoneal sites, except for the uterus horns, was added and
averaged, from which a mean total fumour load per rat could be estimated. In the present
study the term tumour recurrence is used to illustrate tumour load, which is the assumed net
result of tumour cell adhesion and tumour growth, because we presume intra-peritoneal

infecting of tumour cells resembles the clinical situation of tumour cell spill during tumour
resection.

Score  Characteristics

0 No tumour growth

1 Estimated tumour diameter of fess than 0.5 cm

2 Estimated tumour diameter between 0.5 and 1 cm
3 Estimated tumour diameter between 1 and 2 cm
4 Estimated tumour diameter between 2 and 3 cm
5 Estimated tumour diameter more than 3 cm

Table 6.1

Tumour scoring system derived from the peritoneal cancer index described by Stetler.””

Statistical analysis

The mean adhesion percentage and standard deviation was calculated per group. Statistical
analysis was performed with a f test for paired samples where dependent samples were
concerned and an unpaired Student's t test where independent samples were concerned.
The median and range of intra-peritoneal tumour foad at each site and of the fotal tumour
load were calculated per group. Statistical analysis was performed using the non-parametric
Kruskall Wallis test to determine overall differences followed by the non-parametric Mann-
Whitney U test to compare differences between groups. Statistical significance was defined
as p < 0.05.
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RESULTS

Nane of the rats were found to have adhesions at the initial operation. There were no

postoperative complications e.g. bowel obstructions, peritonitis or tumour overgrowth.

Adhesion formation after infliction of minimal peritoneal trauma and additive
application of glove powder or starch

Table 6.2 shows that application of glove powder, after minimal peritoneal trauma, led to
significantly more adhesion formation than minimal peritoneal trauma alone (p < 0.0001).
Local application of pure starch also induced a significantly higher mean adhesion
percentage than minimal peritoneal trauma afone (p < 0.0001). The mean adhesion
percentage found in the glove powder group did not differ significantly from that of the pure
starch group (p = 0.112). Adhesions formed after minimal peritoneal trauma were fitmy
(Zihike type 1-2} involving only pelvic fat. Adhesions found after tocal application of giove
powder or pure starch were stronger {Zihlke type 2-3) and involved pelvic fat, uterus horn
and smalil bowel,

Adhesion formation after infliction of severe peritoneal trauma and additive
application of glove powder or starch

Table 6.3 shows that local application of powder obtained from starch-powdered gloves or
pure starch induced additional adhesion formation, even in the presence of severe frauma to
the peritoneal surface. Both gave rise to a significantly higher mean adhesion percentage
than severe peritoneal trauma alone {p < 0.0001). As in the previous experiment there was
no significant difference in the adhesion inducing capacity of glove powder and pure starch
(p = 0.47). Adhesions found after Medipres rubbing of the uterus horn were dense and thick
(ZGhlke type 2-3) while application of glove powder or pure starch on severely traumatised
peritoneum lead to even sironger adhesions {Zihlke type 3).

Effect of glove powder and starch on intra-peritoneal tumour cell adhesion and growth
Table 6.4 summarises resulls observed at peritoneal sites where glove powder or pure
starch were applied {uterus horns) in comparison to controls. Glove powder as well as pure
starch evoked a significant increase in tumour load at the uterus homns (p < 0.0001).
Application of glove powder or pure starch gave rise to similar resuits (p = 0.395).

The median total peritoneal tumour load in rats treated with glove powder or pure starch,
measured at peritoneal sites other than the uterus horns, differed significantly from the
median total peritoneal tumour load in controls (Table 6.5, p = 0.002 and p = 0.001
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respectively). These differences were mainly due to differences at the site of the subcutis
and the omentum. Again freatment with glove powder or pure starch did not induce a
significant different extent of total tumour load {p = 0.588).

Uterus horns n | Percentage adhesion Zihlke p1 p2 p3
formation (SD) 5COre

|No Owe : 3(10. - 1_

I®. Glove powder 10 84 (13.3} 2-3 <0.0001

I, No starch 10 35(9.9) 1-2

II®. Pure starch 10 81 (8.8) 2-3 <0.0001 | ns

Tabie 6.2

Mean adhesion percentage (SD), and Zuhlke classification of found adhesions, after inflicting
minimal peritoneal frauma alone and after application of glove powder or pure starch
following the infliction of minimal peritoneal trauma. N is the number of defected peritoneal
sites (uterus horns) assessed. Statistics p1 (I* versus I° ) and p2 (I® versus I® ): { test for
paired samples. Statistics p3: unpaired Student’s ¢ test (i® versus I°).

Uterus horns n | Percentage adhesion | Ziihike p1 p2 p3
formation {SD) score
1i®. Medipres rubbing | 9 97 (5.5) 3 <0.0001
& Glove powder
IV®. Medipres rubbing | 10 71 (10.3) 2
IV®. Medipres rubbing | 10 96 (6.08) 3 <0.0001 . ns
& Pure starch

Table 6.3

Mean adhesion percentage (SD), and Zihlke classification of found adhesions, after inflicting
severe peritoneal trauma alone and after application of glove powder or pure starch following
the infliction of severe peritoneal trauma. N is the number of defected peritoneal sites (uterus
homs) assessed. Statistics p1 (I versus HI®) and p2 (IV® versus IVP): t test for paired
samples. Statistics p3: unpaired Student's ¢ test {11I° versus IV°).
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Uterus horns Median tumour load (range

V. No powde '
V1. Glove powder

Vil Pure starch <0.0001

Table 6.4

Median tumour load (range) at uterus horns which were only fixed to the lateral peritoneum
{group V), at uterus homs which were treated with glove powder after fixation (group Vi) and
at uterus homns treated with pure starch after fixation (group V). For each rat, the individual
data concerning the 2 uterus horn sites were averaged; n is the number of data (= rats) per
group used for analysis. Statistics p1 (V versus V1), p2 (VI versus VII) and p3 (V versus VII).
Kruskall Wallis test with Mann-Whitney U post hoc test.

Abdominal sites Tumour load Tumour load Tumour load pt [(p2| p3
V. No powder | V1. Glove powder | VIi. Pure starch
n=9 n=9 n=9

= — T (1_3 mm— _. .
Parietal peritoneum 1(0-1) 1(0-2) 1(0-2) ns |ns|0.039
Kidney 1{0-2) 1(1-2) 1(0-2} ns {ns| ns
Liver 0{0-2) 1(0-2) 1 (0-2) ns [ns| ns
Retroperitoneum 1{0-3) 1{1-2) 1(1-3) ns lns{ ns
Omentum 1(0-2) 2 (1-4} 2{1-3) 0.037 | ns ; 0.037
Total 0.8 (0-2) 1.3 (1-2) 1.3(1-2) 0.002 | ns | 0.001
Table 6.5

Median tumour load (range) at different peritoneal sites in rats having undergone a
laparotomy followed by fixation of the uterus only {group V), or laparotomy followed by
fixation of the uterus horn and additive application of glove powder (group V1) or pure starch
(group Vib. N is number of treated rats. Statistics p1 (V versus V1), p2 (Vi versus Vi) and p3
(V versus VII}: Kruskall Wallis test with Mann-Whitney U post hoc test.
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DISCUSSION

Since the introduction of surgical gloves in 1896, several components and additives have
been used in the glove industry to facilitate manufacturing and to lessen the hazards
associated with glove use.* Modern gloves are made of two main components: rubber and
glove lubricants. Glove lubricants have been associated with a number of iatrogenic
problems in surgical patients.® Especially starch powder in surgical gloves can lead to
serious complications such as granulomatous peritonitis, adhesion formation and infection
potentiation.”® These conditions themselves give rise to serious, sometimes even lethal,
complications such as intestinal obstruction, infertility, chronic pelvic pain, complicated and
technically difficult re~-operations. The exact pathogenic mechanisms behind the undesirable
reactions to starch granules are not clear and may be diverse.” A possible (host defence)
cascade by which starch increases the propensity of tissues t¢ form adhesions starts with
irritation of the peritoneum by starch particles which leads fo reduced fibrinolysis and
activation of neutrophils and marophages.® %' Activated macrophages produce oxygen free
radicals, prostaglandin E,, thromboxane B,, and various cyfokines which are part of the
fibrotic process.”! Our rat adhesion model previously showed that the degree of peritoneal
trauma correlated with the extent of adhesion formation.” In the currently described
experiments using the same rat model powder cobtained from starch-powdered gioves as well
as pure starch significantly increased acdhesion formation. There was no difference in the
adhesion inducing capacity of glove powder or pure starch. These results fortify the
hypothesis that starch is the main component of powdered gloves that provokes adhesion
formation due to a traumatising effect on the peritoneum.

We previously suggested that the peritoneal defence mechanism triggered by surgical
trauma to the peritoneum not only promotes adhesion formation but also stimulates fumour
recurrence.™ Several theories speculate on the underlying mechanisms of the adhesion and
growth of spilled tumour cells. According to the theory of metastatic efficiency, imptantation of
tumour cells onto raw tissue surfaces is an efficient process as opposed to inefficient
implantation on intact surfaces." The fibrin entrapment hypothesis proposes that tumour
cells are trapped in fibrin at the resection site and abraded peritoneal surfaces, herehy
providing protection from host defence mechanisms.® In peritoneal wound healing
inflammatory and mesothelial cells produce an abundance of cytokines and growth factors
which might also be beneficial for tumour cell adhesion and tumour growth.”# Indeed a
significant correlation between the intensity of surgical trauma to the peritoneum and the
degree of tumour recurrence could be demonstrated in a rat tumour adhesion and growth
modetl.™ In the current experiments, using the same experimental model, the traumatising

effect of glove powder and pure starch promoted adhesion and growth of free intra-
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abdominal tumour cells. The most impressive tumour load was found at directly traumatised
peritoneal sites (sites on which glove powder or starch was applied). However the tumour
cell adhesion and growth promoting effects of glove powder and starch were not confined to
the traumatised sites, as tumour load also was significanily higher at remote peritoneat sites.

Despite the evidence in support of starch induced complications, a considerable number of
general surgeons confinues to wear starch powdered gloves.ZE It has been shown that
careful washing of powdered gloves with saline fails to remove all the starch and even results
in clumping of the residual starch granules.” Cleansing with povidone-iodine and sterile water
did reduce the amount of starch particles, but our previous study in rats showed that
povidone-iodine itself induces adhesion formation.” This study shows that starch induced
peritoneal trauma not only leads to adhesion formation but also to adhesion and growth of
free intra-abdominally fumour cells. Providing substantial reason to avoid peroperative intra-
abdominal contamination with starch from powdered gloves. Since good powder-free
alternatives are available there is no longer any justification for the use of powdered gloves
during intra-abdominal surgery.
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PART IV

Pathways of Adhesion Formation and Intra-
Abdominal Tumour Recurrence after Surgical

Peritoneal Trauma; Possible Methods for Prevention






Chapter Vi

The Inflammatory Sequelae of Surgery Provoke
Enhanced Tumour Recurrence; a Crucial Role for
Neutrophils and Cytokines

Submitted for publication

After potentially curative resection of colorectal carcinoma, the most common site for recurrence
is loco-regional. In rat studies we previously demonstrated that surgical perifoneal trauma is an
important factor in the promotion of local tumour recurrence and that within a few hours after
peritoneal trauma, surgical related factors in the abdominal cavity could be captivated in a
favage fluid and enhance tumour recurrence in naive recipients. The objective of this study was
to evaluate the role of different individual inflarmmatory mediators, produced after abdominal
surgery and captivated in a lavage fluid, in loco-regional tumour recurrence.

Using our reproducible rat model post traurna lavage fluid was collected and separated in 2
cellular and supernatant component, the iatter containing soluble factors. Tumour recurrence
was defermined after injection of naive recipients with either component of the lavage fluid. The
effect of soluble factors in the lavage fluid on tumour cell adhesion to a mesothelial monolayer
was investigated in an in vitro model. In an additional experiment, different intensities of surgical
perifoneal trauma were inflicted to identify the cell compilation in the traumatised abdominal
cavily. Cytokine and growth factors concenirations were determined in the supernatant.
Intra-peritoneal injection of naive recipients with both components of the post frauma colfected
lavage fluid resufied in statistically significant more turnour recurrence than injection with RPMI
(p < 0.01). The cellular component produced the highest tumour load. In vitro tumour celf
adhesion to the mesothelium was not affected by soluble factors in the lavage fluid Analysis of
the lavage fluid, gathered after minimai or severe peritoneal trauma, demonstrated a significant
influx of neutrophils (PMN) after infiiction of severe peritoneal frauma (p < 0.0001). The acute
phase cytokines IL-18, IL-6 and TNF-a were present irrespective of trauma-intensity. Statistically
significant more IGF-1 was delected in the lavage fluids of severely traumatised rats (p <
0.0007).

it seems in vivo tumour recurrence is mainly promoted by the cellular component of the post-
surgical inflammatory process. Cytokines also enhance in vivo recurrence, but play an inferior

role. IGF-I may facilitate the growth of lodged fumour cells.
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INTRODUCTION

Surgical treatment of gastro-intestinal malignancies is often complicated by loco-regionat
recurrence.’ Regardless of this detrimental adversity, surgery remains the best treatment option.
In a dlinical trial, Busch et al put forward an association between recurrent disease and the
extent of surgical injury.2 In experimental models, post-surgically produced factors have been
shown to augment local and remote tumour growth, Experimental and clinical studies have
demonstrated that enhanced tumour cell adherence and tumour growth are inevitable
repercussions of surgical trauma.”™ *” We previously demonstrated that within a few hours after
infliction of peritoneal trauma, surgically related factors in the abdominal cavity could be
captivated in a lavage fluid and enhance tumour recurrence in naive, non-operated recipients.’
Surgery is an inflammatory stimulus that activates the body's immune response. The ensuing
influx of pelymorph nuclear leukocytes {(PMN) and monconuclear cells to the surgically
traumatised site is mediated through chemotactic factors like IL-8 {CINC in rats) and pro-
mfllammatory cytokines such as IL-1p or TNF-¢ and is the first line of defence. &0

Insights in the host defence mechanisms of the peritoneumn have demonstrated that peritoneal
lymphocytes, sub-mesothelial monocytes, PMN and mesothelial cells act in an orchestrated
response under the control of locally expressed cytokines, chemokines and adhesion molecufes.
The peritoneal membrane and the mesothelium in particular, as a site for the production of
mediators, play & pivotal role in the activation and control of inflammation.” 2

inflammatory products produced after abdominal surgery might participate directly or indirectly in
effective tumour recurrence. in this study, we focus our attention on the individual capacity of
the, by peritoneal trauma released, inflammatory peritoneal cells and soluble factors to ascertain
which element is responsible for enhanced tumour recurrence. In an experimental model post
surgically produced tumour enhancing factors are capfivated in a lavage fluid, and passively
transferred to naive recipients. The in vivo and in vitro studies presented in this paper investigate
a possible correlation between the inflammatory cells and the cell free soluble factors present in

the abdominal cavity after surgicat frauma and postoperative tumour cell adhesion and growth.
MATERIALS AND METHODS

Animals

Female inbred rats of the WAG strain, weighing 155-200 g, were obtained from Harlan-CPB,
Zeist, The Netherfands. The rats were bred under specific pathogen-free conditions, kept under
standard |aboratory conditions (temperature 20-24°C, relative humidity 50-60%, 12 hours light/

12 hours dark) and fed with laboratory diet and water ad libifum. The experimental protocot
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adhered to rules laid down by the Dutch Animal Experimentation Act and was approved by the

Committee on Animal Research of Erasmus University, Rotterdam, The Netherlands.

Tumour

Tumour CC531 is a moderately differentiated, weakly immunogenic colonic adenoccarcinoma
induced in the WAG/RIj rat by 1,2-dimethylhydrazine. It is transplantable in syngeneic WAG rats.
A cell line was established from this carcinoma and maintained by serial passage after
trypsinization in cutture medium.” CC531 tumour cells were cultured in RPMI 1640 medium
supplemented with 5% foetal calf serum (virus- and Mycoplasma-screened), L-ghutamin (2 mM}
and penicillin (105 UiL). Medium and all supplements were obtained from Life Technologicals
BY, Breda, The Netherlands. Cells were passaged once a week using trypsin (0.05%) and
EDTA (0.02%). Viability was measured by trypan blue exclusion and always exceeded 90%.

Mesothelial celi culture

Mesothelial celts (MC) were isolated from the small bowel mesentery of rais as described
before."* Mesothelial monolayers were established in 96 well plates (Greiner, The Netherlands}
precoated with collagen type 1 (15 “/cmz, Boehringer Mannheim, Mannheim, Germany). The
plates were incubated at 37°C, in a humidified atmosphere of 5% CO, in air. Medium consisted
of RPMI enriched with 10% FCS, glutamin (2 mM), penicillin (105 WL) and fungizone (1.25
mg/L) and was replaced daily with fresh medium. Monolayers reached confluence in 2 days as
determined by microscopic evaiuation.

Tumour cel labelling

The dye solution, calcein-AM, used to quantify tumour cell adhesion was prepared by dissolving
50 ug calcein (Molecular Probes, Leiden, The Netherands) in S pl anhydrous dimethyl
sulphoxide and adding this solution to 5 mi of RPMI medium supplemented with 0.5% bovine
serum albumin (RPMU0.5%BSA). Trypsinized CC531 cells (1 x 10° cells/ml) were incubated in
this solution at 37°C for 45 minutes with occasional mixing. Before adding to the mesothelial

monolayers, the labelled cells were washed twice with RPMI/0.5%BSA to remove free dye.

Operative procedures

Under ether anaesthesia, of 14 rats the abdomen was shaved and cleansed with alcohol 70%.
Laparotomy was performed using a lower midline incision of 5 cm; exposure and rubbing of both
uterus homs and a 5 cm long part of the smalt intestine with surgical Medipres gauze inflicted
subsequent trauma to the peritoneum. Rubbing was petformed with a device enabling the

application of a constant pressure of 120 gricm®.” The uterus hom was rubbed 10 times over its
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total length. In this way a standardised amount of peritoneal trauma can be inflicted. The
abdomen was closed in one fayer with silk 2-0 sutures (Braun, Melsungen AG, Germarny). After
5 hours a second laparctomy was performed during which the abdominal cavity was lavaged
with 5 mi RPMI 1640 medium. After massaging the abdomen the remaining fluid was aspired,

pooled and kept on ice until further processing.
Experimental design

Effect of inflammatory cells and cell free soluble factors on intra-peritoneal tumour cell
adhesion and growth; in vivo experiment

The collected post trauma lavage fluid was centrifuged, the cell pellet re-suspended to original
volume with RPMI and thus divided into a “cellular” component containing the different cell types
present in the abdominal cavity after surgical trauma and a “supernatant” containing soluble
components produced after surgical peritoneal trauma.

Subsequently 24 rats were divided into three groups. Group | served as a controi group
receiving RPMI 1640 medium. Group il was acceptor for the cellular component of the post
trauma lavage fluid and group lll for the supernatant. Of all three components, 3 mf was injected
intra-peritoneally together with 0.5 million CC531 cells (in 0.5 mi RPMI) without opening the
abdominal cavity. In this way, the factors contained by the different components represented the

mediators after surgical abdominal trauma, without inflicting additional trauma.

Evaluation of intra peritoneal tumour cell adhesion and growth

Tumour scoring took place three weeks after tumour injection. The rats were sacrificed and intra-
peritoneal tumour load was scored semiquantitatively at the following peritoneal sites: parietal
peritoneum, Kidney, liver, retroperitoneum, omentum and mesentery. The scoring was
performed by two independent observers using a tumour scoring system derived from the
peritoneal cancer index described by Steller and ranging from 0 to 5 per abdominal site
(Table 6.1, Chapter 6).15 For each rat the score at all peritoneal sites was summarised, from
which a mean total tumour load per rat could be estimated. In the present study the term
tumour recurrence is sometimes used tc illustrate tumour load, which is the net result of
tumour cell adhesion and tumour growth, because we presume that intra-peritoneal injecting

of tumour celis resembies the clinical situation of tumour cell spill during tumour resection.
Tumour cell adhesion assay; in vitro experiment

To demonstrate an effect of surgery related soluble factors on tumour cell adhesion to the

mesothelial cells of the peritoneum, a standardised tumour cell adhesion model was used.™
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After confluence, overnight pre-incubation of the mesothelial monolayers took place with 200
of the supernatant samples of lavage fluids collected directly after a midline laparctomy (minimal
peritoneal trauma, n = 10}, 5 hours after a midline laparotomy during which the peritoneum was
traumatised by rubbing with surgical gauze (severe peritoneal trauma, n = 14} or RPMI 1840
medium enriched with 10% FCS. Non pre-incubated monolayers in mesothelial cell culture
medium served as standardised control.

Medium was removed from the monolayers and 200 ;| RPMI/0.5%BSA containing 30,000
calcein labelled tumour cells was added. Plates were centrifuged for 1 minute at 80 g on a
Heragus centrifuge and incubated for 1 hour at 37°C to aliow cell adhesion. After this, the
medium of each well was removed and washed twice with 200 pl RPMI/0.5%BSA. Fluorescence
of adherent cells was measured on a Perkin Elmer plate reader using 485 excitation and 530
emission filters. On each plate a standard curve was prepared by adding different numbers of
labelled tumour celis to the wells. The amount of turmour cells adhered was determined by

calibrating the measured fluorescence of the experimental wells on the standard.

Cell differentiation and ELISA

Lavage fluid was collected directly after performing a midline laparotomy without handling of
intra-abdominal structures {minimal peritoneal trauma, n = 10} and 5 hours after a midline
laparotory during which the peritoneum was traumatised by rubbing with surgical gauze (severe
peritoneat trauma, n = 14). The collected lavage fluid samples were kept individually on ice and
were separated in a ceflular component and a supernatant.

The cellular component was re-suspended in RPMI medium, total cell amount was determined
and HE stained cytocentrifuge slides were made for cell differentiation. Under a light microscope
at a magnification of 100x, 100 cells were counted in duplicate and classified into granulocyies
(eosinophils, neutrophils and mast cells) and lymphoid cells {mononuclear phagocytes and
lymphocytes). Cell classification was done on duplicate slides.

The supernatants were filtered over a low binding 0.45 m filter and stored at -80°C for further
analysis. The presence of the acute phase cytokines IL-1p, H.-6 and TNF-¢ in addition to the
growth factor IGF-l were determined by ELISA (Biomedical Diagnostics, Brugge, Belgium) and
RIA (Biosource Europe, Fleurus, Belgium).

Statistical analysis

The median and range of intra-peritoneal tumour load at each site, of the total tumour load, of
cell counts in lavage fluids and of different sotuble factors in the supematant of lavage fluids
were calculated per group. Statisticat analysis was performed using the non-parametric Kruskal-

Wallis analysis of variance to determine overall differences If the latter overall test indicated
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significance, comparisons hetween groups were made using the Mann-Whitney U test. The
mean and standard deviation of in vitro tumour cell adhesion was calculated per group. Data
were statistically analysed using analysis of variance (ANOVA) to determine overall differences,
followed by the Newman-Keuls post hoc test to compare between groups. Statistical significance
was defined as p < 0.05.

RESULTS

Effect of inflammatory cells and cell free scluble factors on intra-peritoneal tumour cell
acdhesion and growth; in vivo experiment

After intra-peritoneal injection of the lavage fluid samples collected after surgicat trauma, diffuse
peritoneal tumour load was found in all groups. However, injection with the cellular componant of
the lavage fluid resulted in the highest amount of recurrence. When compared to the control
group (RPMI) both the cellular factors and the supernatant caused significantly enhanced
fumour recurrence (p < 0.01). Injection of tumour cells with RPMI alone resutted in a total of 31%
tumour load whereas injection with the cells or supematant resulted in 79% and 67% total
fumour load (Figure 7.1).

Impressive differences in peritoneal tumour deposits were observed between the groups
receiving the cellular part and the supernatant of the lavage fluid. When taking the tumour size
into account an obvious shift towards larger tumours is evident in the first group. Whereas no
tumours larger than 2 cm were found in the control or supernatant injected group, 38% of the
tumours in the cellular injected group were scored in this range (Figure 7.2). Table 7.1 shows the
distribution of tumour deposits at the different peritoneal sites. Statistically significant differences
in tumour load were scored in liver, retroperitoneum, omentum, and mesentery between

supernatant and cellular fraction (p < 0.01).
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Figure 7.1

Differences in median percentages of total peritoneal tumour load (range) after passive transfer
of RPMi only, the cellular fraction or the supernatant of lavage fluid collected after infliction of
severe peritoneal trauma. The percentage total tumour load was defined after scoring the
presence or absence of a tumour irrespective of tumour size. P1 (I versus 11} = 0.001, p2 (It
versus 1) = 0.003 and p3 (I versus IH) = 0.01. Statistics: Kruskat-Wallis test, with a Mann-
Whitney U post-hoc test.
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Figure 7.2

Comparison of median percentages of different tumour sizes (range) after passive transfer of
RPMI only, the cellular fraction or the supernatant of lavage fluid collected after infliction of
severe peritoneal frauma. Open bars represent RPMI, cross-hatched bars the cellular fraction
and the filled bars the supematant fraction. Statistics: Kruskal-Wallis test, with a Mann-Whitney

U post-hoc test.
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Abdominal sites Tumour load | Tumour foad | Tumour icad p1 p2 p3
1. RPMI II. Celis ili. Supernatant
n=8 n=28 n=8

Parietal peritoneum | 0(0-0) | 0.0(0-0) | 00(00) | ns | ns | ns
Kidney 0 (0-3} 2.5(0-4) 1.0 (0-2) ns ns ns
Liver 1(0-1) 4.0 (2-5) 2.5(0-3) 0.601} 0.0t | 0.01
Retroperitcneum 0 (0-2) 3.5 (3-5) 2.5(0-3) 0.000 | 0.007 | 0.007
Omentum 0 (0-2) 4.5 (4-5) 3.0 (0-5} 0.000|0.005| 0.004
Mesentery 0 (0-2) 2.0(1-3) 0.5 (0-2} 0.007 | 0.03 ns
Total 00(0-3) 3.0 (0-5) 1.0 {0-5) 0.0010.003| 0.01
Table 7.1

Median tumour load {range) at different abdominal sites in rats having been injected with RPMI
mediumn {group 1}, the cellular fraction of the lavage fluid (group 1), or the supematant of the
lavage fluid {group HI}}. N is the number of treated rats. The p-value 1 represents differences
between groups 1 and II; p-value 2 represents differences hetween group It and Ill; p-value 3
represents differences between groups | and Il Statistics: Kruskal-Wallis test, with a Mann-

Whitney U post-hoc test.
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Figure 7.3

Percentage tumour celf adhesion versus control after pre-incubation of mesocthelial cells with
supernatant of lavage fluids gathered after infliction of different intensities of surgical peritoneal
trauma. Mean values {SD} are shown (n = 6 per fluid sample). There was no difference in cell

adhesion between groups. Statistics: ANOVA test with Newman-Keuls post hoc test.
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Tumour cell adhesion assay; in vitro experiment

Figure 7.3 shows the percentage of tumour cell adhesion versus the standardised control of
adhesion assay, consisting of mesothelial cell culture medium. Control cell adhesion consisted
of 23% from the total amount of cells added {data not shown). RPMI did not affect tumour cell

adhesion, nor did lavage fluid samples from both surgically traumatised groups.

Effect of surgical trauma on peritoneal cell compilation

There was no change in the totat cell amount between minimally (laparotomy only) and severely
(laparotomy and rubbing) fraumatised rats {Figure 7.4). In the cell differentiation however, a
significant reversal was seen regarding the ratio of granulocytes and lymphoid cells, with a 22-
78% ratio of granulocyte-lymphoid cells in the minimally traumatised group versus a 78-22%
ration in the severely traumatised group (p < 0.0001}) (Figure 7.5). The granulocyte component
consisted for 99.5% out of PMN cells,

Effect of surgical trauma on cytokine and growth factor production

1L-1p was detected in 7 out of 14 lavage fluid samples of the severely traumatised rats ranging
from 20-72 pg/mi and in 2 out of 10 of the minimally traumatised rats ranging from 37 to 69
pg/ml. IL-6 was present in 13 samples of the severely traumatised (range 54-848 pg/ml) and all
samples of the minimally traumatised group (range 72-1194 pg/ml}, TNF-g in 2 and 5 samples of
the minimally and severely traumatised rats (87 and 170 pg/ml and ranging from 35 to 110
pa/ml} respectively. IGF-l was present in all samples, however statistically significant more IGF-|

was detected in lavage fluid from the severely traumatised rats (p < 0.0001) (Figure 7.5).
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Figure 7.4

Differences in total cell amount in lavage fiuids gathered from minimally and severely

traumatised peritoneal cavities. Median and range are shown. Statistics: Mann-Whitney U test.
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Figure 7.5

Differentiation of cellutar fraction of lavage fluids taken from minimally and severely traumatised
abdominal cavities, Open bars represent the median percentage lymphoid cells and fifled bars
the median percentage granulocytes. There was a significant shift towards granuiocyte ration

after severe trauma from 22 to 78%, p = 0.0001. Statistics: Mann-Whitney U test.
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Figure 7.6

Median and range of IGF-| concentration in the supematant fraction of lavage fluids of differently
fraumatised rais. Statistically significant more IGF-I was found in abdominal cavities of severely
than in cavities of minimally traumatised rats, p < 0.0001. No IGF-} was found in RPM]. Statistics:
Kruskal-Wallis test, with a Mann-Whitney U post-hoc test.
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DISCUSSION

The success of surgical treatment in patients with gastro-intestinal cancer is often limited due fo
local recurrence or peritoneal carcinosis by peroperatively seeded tumour cells.” In this study, a
cell seeding model was used to mimic the clinical situation of free intra-peritoneal tumour cells
and associates the combination of cell adhesion and growth ultimately leading to manifest
tumour recurrence. The presented results give evidence that the inflammatory sequelae of
surgery enhance peritoneal tumour recurrence. In an experimenial rat model, we previousiy
demonstrated that components produced after surgical peritoneal trauma, which can be
captivated in a lavage fluid collected from peritoneally traumatised abdominal cavities, could
enhance tumour recurrence in naive recipients.” The current study demonstrates that separated
components of favage fluid collected after infliction of peritoneal trauma i.e. inflammatory cells
and soluble factors, each lead o enhanced tumour recurrence.

The cellular fraction however, led to the greatest tumour load manifested by large tumours. More
detaited analysis of the cellutar fraction revealed a trauma related infiux of granulocytes i.e. PMN
into the abdominal cavity. Similar shifts in celf differentiation have also been shown in other

animal models following peritoneal trauma.® ™ "

The shift of primarily monocytes to PMN will
evidently affect the homeostatic milieu of the peritoneum. PMN generate reacfive oxygen
metabolifes and discharge contents of granular organelies into either phagocytic vacuoles or the
locat environment to ingest foreign particles or microorganisms. Both oxygen-dependent and
oxygen-independent processes participate in the killing of bacteria and also in damage to host
tissue.'™ '® " in vitro increased adhesion of activated PMN 1o a mesocthelial monolayer has been
shown to induce retraction, gap formation and detachment ending with substantial mesothelial
cell injury.® Mesothelial cell injury leads to exposure of underlying extra cellular matrix
components. Experimental studies have demonstrated a preferential adhesion of tumour cells to
these denuded areas.®' Effective inhibition of tissue injury by PMN has been achieved by
blocking of cell adhesion molecules used to enter the inflamed tissue™ * and scavenging of
reactive oxygen species.” **

A relation has been demonstrated between the extent of fissue trauma and tumour recurrence.
In order to diminish tissue trauma and fumour recurrence, minimal invasive surgery is
promoted.”™ " 2 Diminished tumour recurrence after laparoscopic surgery as compared to
conventional surgery has attibuted to this phenomenon.® *' In addition, laparoscopic surgery
appears to impact on the cellular components of the immune response less than laparotomy.* 2
Carbon dioxide pneumoperitoneum has been shown fo impair perifoneal macrophage cytokine
production {IL-1, TNT-¢) and coincides with diminished neutrophil superoxide anion release and

chemotaxis.®
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In a peritonitis model, Pruimboom et al also showed a non-significant increase in cells in the
peritoneal cavily. In the peritoneal cell compilation a proenounced increase of PMN was seen on
the first day followed by an influx of macrophages from day 1 until seven days after induction of
peritonitis. PMN produced inflammatory mediators, however the capacity of these cells was very
low in comparison with peritoneal macrophages.® ™ In this study, the supernatant fraction of the
lavage fluid, containing inflammatory factors produced after surgical trauma also enhanced
tumour recurrence in vivo. in vitro, no difference was seen in the cell adhesion between lavage
fluid taken from differently traumatised rats versus control.

The presence of the acute phase cytokines IL-1p, IL-6 and TNF-¢ was detected in the fluid
although no significant differences in the concentration were observed between minimally and
severely traumatised rats. [L-1f and TNF-o have been shown to upregulate cell adhesion
molecuies on mesothelial cells, which are used by PMN for adhesion.® In addition, cytokine
activated mesothelial cells produce chemoatiractant cytokines such as IL-8 (CINC in rats),
required for PMN recruitment." # In this way, the mesothelium and inflammatory cells in the
abdominal cavity may perpetuaie a cytokine lcop, resuling in extreme activation of the
inflammatory process. However, when omitting inflammatory cells, as done in vitro, the soie
effect of cytokines present in the peritoneal fluid does not affect celf adhesion. The in vivo effect
may therefore be direct, based on the additional trauma inflicted by inflammatory cells. High
concentrations of IL-1p and TNF-y, have been demonstrated to upreguiate adhesion molecule
expression and therefore enhance the possibility of cell adhesion.'? % Taking this info account a
direct cytokine effect may occur locally, at the site where cytokines are produced. In this study
this effect may be missed as the absolute concentration of cytokines is diluted by lavaging with
excess fluid.

Growth factors play a vital role in post surgical wound healing. Insulin like growth factor-1 (IGF-1}
is released during the first stage of wound healing.®® Previous in vitro experiments demonstrated
IGF-| does not affect tumour cell adhesion but was a potent growth stimulant for tumour and
mesothelial cells.™ Clinical and experimental studies have demonstrated that surgery is foflowed
by a rapid decrease of IGF-1 in serum.®™ ¥ This apparent suppression of IGF-I system is thought
t0 be caused by an increased efflux of IGF-| from the blood to the peripheral tissues.™ In this
study, significantly higher IGF-| concentrations were found in the abdominal lavage fluids from
severely fraumatised rats. The origin of IGF-I could be the proposed efflux from the blood or
could be the result of local production by mesothelial cells.” IGF-t stimulation and over-
production has been shown in several types of carcinoma and may support an autocrine growth
loop of the tumour cefls. IGF-l is also potently capable of priming PMN for an enhanced
respiratory burst that may lead fo additional peritoneal tissue damage.32 In this way, tumour cells

can use the hosts immune response in wound healing for their own benefit.
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In conclusion, the studies brought forward in this paper provide evidence that the intra-
abdorninal release of inflammatory sequelae after surgery promote local tumour recurrence and
that this effect is mainly based on the cellular compeonent of the inflammatory process.
Extrapolation of the presented results to the clinical situation is limited as the inflammatory
response in animals deviates from humans. There is, however, limited species variation in the
first line of defence after surgical peritoneal fraumatisation when taking PMN influx and
macrophage activation into account.”® Preventing tissue damage by inflammatory cells therefore
may provide a novel strategy to defeat progression and metastasis of cancer. Manipulation of
the intricate cytokine network may cause unwanted side effects in the wound healing process.
Tackling of reactive oxygen products, however, seems z feasible way of preventing cellutar

tissue damage ultimately resulting in diminished turmour recurrence.
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Chapter Xl

Preventing Intra-Abdominal influx of Neutrophils
after Surgical Peritoneal Trauma Reduces Adhesion

Formation and Local Tumour Recurrence

Submitted for publication

Peritoneal trauma activates a cascade of peritoneal defsnce mechanisms responsible for
postoperative adhesion formation. The same cascade is thought to play a key role in the
process of intra-abdominal tumour recurrence. We previously demonstrated that within a few
hours after perifoneal trauma, surgery related factors in the abdominal cavity could be
capfivated in a lavage fluid and enhance fumour recurrence in naive recipients. The
inflammatory cells contained by the lavage fluid proved to have the sfrongest tumour
recurrence promaoting effect. FACS analysis of the inflammatory celis demonstrated a trauma
refated influx of neutrophils (PMN) in the abdominal cavity. We evaluated if intra-peritoneal
infection of anfi-neutrophil serum (ANS) could reduce post-traumatic intra-abdominal PMN
influx, and if so, whether this influenced adhesion formation and fumour recurrence.

Total cell amount and differentiation of cellufar parts of post-traumatic lavage fluids were
estimated in four groups of rats. Reproducible rat models allowing semiquantitative scoring of
adhesion formation and intra-abdorminal tumour load were used to observe adhesions and
tumour recurrence in the same four groups. In one group minimal peritoneal trauma was
inflicted (day 0). The other groups underwent severe perffoneal trauma (day 0) without or
with intra-perifoneal infections of 3 doses (day —1, 0, +1) or T dose ANS (day -1).

Severe peritoneal trauma provoked a significant intra-abdominal PMN influx, this influx could
be prevented by ANS treatment (3 and 1 dose) (p <0.02). Trealment with 3 doses ANS also
significantly decreased blood lymphocyte, monocyte and PMN counts (p < 0.02} while
tfreatmemt with 1 dose only affected blood PMN counts (p = 0.009). Treatment of severely
traumatised rats with 3 doses ANS reduced adhesion formation (p = 0.0001) and induced
tumour load significantly (p < 0.002}, whereas treatment with 1 dose ANS caused statistically
significant less tumour recurrence (p < 0.0001).

Infra-abdominal influx of PMN after surgical peritoneal trauma plays a crucial rofe in
postoperative adhesion formation and in the process of adhesion and growth of spilled
turnour cells. A well-balanced prevention of post-traumatic intra-abdominal PMN influx

reduces adhesion formation and local tumour recurrence.
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INTRODUCTION

Postoperative adhesion formation as well as loco-regional tumour recurrence of colorectal
carcinomas remain important complications of potentially curative surgical intra-abdominal
interventions. For neither problem clinically relevant curative treatment modalities are
available yet. The pathogenesis of the processes responsible for postoperative adhesion
formation and intra-abdominal tumour recurrence is only partly clarified. We previously
suggested that the dynamic cascade of peritoneal healing, following peritoneal damage, not
only plays an important role in postoperative adhesion formation but also in the process of
intra-abdominal tumour recurrence,’ which is in agreement with the tumour cell entrapment
hypothesis.? A clinical trial performed at our institute indeed demonstrated an association
between recurrent tumour disease and the extent of surgical injury.® It has also become
evident from experimental studies that enhanced tumour celf adherence and tumour growth
are inevitable repercussions of surgicat peritoneal trauma.” ** We demonstrated earlier that
within a few hours after infliction of peritoneal trauma, factors in the abdominai cavity could
be captivated in a lavage fluid and enhance tumour recurrence in naive, non-operated
recipients.” Separated components of these lavage fluids i.e. inflammatory cells and soluble
factors, could each enhance tumour recurrence, however the cellular fraction led to the
greatest tumour load. More detailed analysis of the cellular fraction revealed a peritoneal
trauma related influx of polymorph nuclear leucocytes (PMN) in the abdominal cavity.”
Similar shifts in cell differentiation following peritoneal trauma have been demonsirated in
other animal madels.® ® " A role of PMN in the pathophysivlogical cascade leading to
adhesion formation has also been suggested eartier.” "> **

Assuming that the observed post-fraumatic intra-abdominal influx of PMN is an important
factor in the communal dynamic cascade of periioneal defence, responsible for both
adhesion formation and local tumour recurrence, prevention of PMN influx might influence
both processes and open up the way to novel therapeutic strategies. The present study was
performed to evaluate whether post-traumatic intra-abdominal PMN influx could be reduced
by treatment with anti-neutrophil serum (ANS), and if so, whether this reduction could

influence postoperative adhesion formation and local tumour recurrence.
MATERIALS AND METHODS

Animals
Female inbred WAG rats of reproductive age weighing 140-180 g were obtained from
Hartan-CPB, Austerfitz, The Netherfands. They were bred under specific pathogen-iree

conditions, kept under standard laboratory conditions (temperature 20-24°C, relative humidity
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50-80%, 12 hours light and 12 hours dark cycles), and fed with standard rat food and water
ad libitum. The experimental protocol adhered to rules laid down by the Dutch Animal
Experimentation Act and was approved by the Committee on Animal Research of the
Erasmus University Rotterdam, The Netherlands.

Rabbit anti-rat neutrophil serum

Polyclonal rabbit anti-rat neutrophil serum (ANS) was purchased from Accurate, Westbury,
NY, USA. ANS can deplete blood neutrophils by 99.9% when administered intra-peritoneaily
in a dose of 2 ml per kg bodywsight.'* '® The number of biood neutrophils remains at this low
level until administration of ANS is stopped. in this dose ANS is not specific for neutrephils
only, because the number of blood monocytes, lymphocytes and, to a lesser extent, the
platelets decrease as well, i.e. by 100%, 80% and 25% respectively.'

in our experiments rats were either given a single dose of 1 ml ANS per kg bodyweight by
intra-peritoneal injection 1 day before laparotomy (day —1) or received two additional intra-
peritoneal injections of 0.5 ml ANS per kg for 2 consecutive days (day 0 and +1).

Tumour

Tumour CC531 is a moderately differentiated, weakly immunogenic colonic adenocarcinoma
induced in WAG rats by 1,2-dimethylhydrazine.™ It is transplantable in syngeneic WAG rats.
The tumour is maintained as a cell culture in RPMI 1640 medium supplemented with 5%
foetal calf serum (virus- and Mycoplasma-screened), 1% penicillin (5000 U/mL), 1%
streptomycin (5000 U/mL), and 1% L-glutamine {200 mmal). Medium and alf supplements
were obtained from Life Technologicals BV, Breda, The Netherlands. Cells were passaged
once a week using trypsin (0.05%) and EDTA (0.02%). Before use in vivo, tumour cells were
harvested from stationary cultures by gentle trypsinisation {5 minutes, 37°C), centrifugation
(5 minutes, 700 g), and re-suspension in RPMI 1640, providing cell suspensions with a
viability greater than 90%. CC531 is relatively insensitive to chemotherapy but is sensitive to
the effects of biologic response modifiers.

Operative procedures

To investigate whether treatment with ANS interferes with adhesion formation our previcusly
described reproducible rat adhesion model was used."” Briefly, under ether anaesthesia and
aseptic conditions a laparotomy was performed using a lower midline incision of 5 ¢m. Three
Surgilene 5-0 sutures (Braun, Melsungen, Germany) were applied to both lateral peritoneal
sides 0.7 cm from each other and 1.5 ¢m downwards from the abdominal incision. All knots
were double knots fastened tightly to ensure local ischaemia. Both uterus horns were

exposed, not touched and sutured to the lateral peritoneum with Surgilene 6-G (Braun)
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proximally and distally from the three 5-0 sutures. In this way a standardised amount of
minimal peritoneal trauma was inflicted. Severe peritoneal trauma was inflicted by additively
rubbing the exposed ulerus horns with surgical Medipres gauze (van Heek Medical, Losser,
The Netherlands) before suturing them to the |ateral abdominal wail. Rubbing was performed
with & device enabling the application of a constant pressure of 120 gicm?. The uterus homs
were rubbed 10 times over their total length. The abdomen was closed in two layers with 5-0
polyglycolic acid and 2-0 silk sutures (Braun).

To study the effect of treatment with ANS on local tumour recurrence our reproducible
tumour adhesion and growth model was used.! Under ether anaesthesia and aseptic
conditions a laparotomy was performed using a lower midline incision of 5 cm. Both uterus
horns were exposed, not touched or rubbed with surgical Medipres gauze, and sutured to the
lateral peritoneum both proximally and distally using Surgilene 6-0 sutures. In this way a
standardised amount of minimal {only two sutures, no rubbing) or severe (rubbing and two
sutures) peritoneal trauma was inflicted. Before closing the abdomen, 0.5 x 10° CCS531
tumour cells, in 1 ml RPMI 1640, were injected intra-peritoneally. The abdomen was closed
in two layers with 5-0 polyglycolic acid and 2-0 silk sutures.

Experimental design

Effect of ANS treatment on cell content in peritoneal cavity and blood

To investigate the influence of ANS treatment on intra-abdominal neutrophil cell count and on
the rat immune system the following procedures were performed. Under ether anaesthesia
eighty-five rats underwent a laparctomy. In 10 rats {group A) standardised minimal peritoneal
trauma was inflicted by exposing both uterus horns without rubbing them. In 25 rats (group
B} standardised severe peritoneal trauma was inflicted by rubbing both exposed uterus homs
and a 5 cm long part of the small intestine with surgical Medipres gauze. In 25 rats (group C)
severe peritoneal trauma was inflicted in rats treated with 3 intra-peritoneal doses of ANS, on
day -1, 0 and +1. In 25 rats (group D) severe peritoneal trauma was inflicted after a single
intra-peritoneal injection of ANS on day ~1. After 5 hours (t;}, 72 hours (t3), 96 hours {t3), 144
hours {t;) and 192 hours (ts) & rats of each group were operated for the second time. During
this second laparotomy the abdominal cavity was lavaged with 5 ml RPMI 1640 medium.
After massaging the abdomen the remaining fluid was aspirated and individually kept on ice
until further processing.

Blood samples were obtained by cardiac puncture.
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Adhesion formation after treatment with 3 doses of ANS

In 10 rats {group ) standardised minimal peritoneal trauma was inflicted to both lateral
peritoneal sides. In 10 rats (group H) standardised severe peritoneal trauma was inflicted to
both iateral peritoneal sides. In 10 rats {group I} severe peritoneal trauma was inflicted

during treaiment with intra-peritoneal injections of ANS on days —1, 0, and +1 perioperatively.

Intra-peritoneal tumour cell adhesion and growth after treatment with ANS

Nine rats (group V) underwent minimat peritoneal trauma and nine (group V) severe
peritoneal trauma. Nine rats (group VI} underwent severe peritoneal trauma and intra-
peritoneat injection of ANS on days ~1, 0 and +1 perioperatively. Before closing the abdomen
0.5 x 10% CC531 tumour cells, in 1 mi RPMI 1640, were injected intra-peritoneally, 0.5 ml
along the left and 0.5 ml along the right abdominal wall.

Minimal or severe peritoneal trauma was inflicted in 2 groups of 10 rats (group VIl and VIil}.
In 10 rats (group IX) severe peritoneal trauma was inflicted after a single intra-peritoneal
ANS injection on day -1. Before closing the abdomen 0.5 x 10° CC531 tumour cells were
injected into the abdominal cavity.

Evaluation of cell content in peritoneal cavity and blood

The collected lavage fluid samples were separated in a supernatant and a celiular
component by centrifugation (1500 rpm, 5 minutes). The celiular component was re-
suspended in RPMI medium, total cell amount was determined and HE stfained
cytocentrifuge slides were made for cell differentiation. At a magnification of 100 x, 100 cells
were counted in duplicate and classified into granulocytes (neutrophils, eosinophils,
basophils and mast cells) and lymphoid cells {mononuclear phagocytes and lymphocytes).
Total blood leukocyte counts were determined with a micro cell counter, and duplicate

differential counts were carried out on May-Grunwald and Giemsa-stained blood smears.

Evaluation of adhesion formation

Two weeks after surgery, the rats were sacrificed for assessment of intra-abdominat
adhesion formation. Macroscopically the adhesions were scored according to their extent
{quantity) and type (quality) by two independent observers. The extent of adhesion formation
was quantified by dividing the area to be scored into eight by means of the three 5-0 sutures
in the lateral peritoneum (Figure 3.3, Chapter 3). The presence or absence of adhesions in
the eight demarcated areas was scored. If there were adhesions in an area this accounted
for 12.5% adhesions; a maximum of 100% adhesions could be scored. In each rat two lateral
peritoneal sides were assessed. The type of adhesions formed was classified
macroscopically using the Ziihike classification (Table 3.1, Chapter 3)."
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Evaluation of intra-peritoneal tumour cell adhesion and growth

Three weeks after laparotomy all rats were sacrificed and intra-peritoneal tumour load was
scored semiquantitatively at the following peritoneal sites: right uterus horn, left uterus horn,
subcutaniously (at the site of the operative scar), parietal peritoneum (at the lateral
abdominal wall sides where no uterus homs were fixed), kidney, liver, retroperitoneum, and
omentum. The scoring was performed by two independent cbservers using a tumour scoring
system derived from the peritoneal cancer index described by Steller and ranging from 0 to 5
per abdominal site {Table 6.1, Chapter 6)."® For each rat the score at all peritoneal sites,
except for the uterus homns, was summarised, from which a mean total tumour load per rat
could be estimated. In the present study the term tumour recurrence is sometimes used to
iHustrate tumour load, which is the net result of tumour cell adhesion and tumour growth,
because we presume that intra-perifoneal injecting of tumour cells resembles the clinical

situation of turmour cell spill during tumour resection.

Statistical analysis

Median and range from different cell counts were estimated per group. Statistical analysis
was performed using the non-parametric Kruskall Wallis test to determine overall differences
followed by the non-parametric Mann-Whitney U test to compare differences between groups
The mean adhesion percentage and standard deviation was calculated per group. Data were
statistically analysed using the cne-way ANOVA fest to determine overall differences. If the
ANOVA test was significant on a 5% level, the Student Newman Keuls post hoc test was
carried out to make a comparison between groups.

The median and range of intra-peritoneal tumour Ioad at each scored abdominal site and of
the total tumour load were calculated per group. Statistical analysis was performed the
Kruskall Wallis test followed by the Mann-Whitney U post hoc test. Statistical significance
was defined as p < 0.05.

120



RESULTS

Effect of ANS treatment on cell content in peritoneal cavity and blood

There was a significantly higher total intra-abdominal cell count after infliction of severe
peritoneal trauma than after infliction of minimal peritoneal trauma until 72 hours after the
operation (p = 0.009) (Figure 8.1). Figure 8.1 also shows that intra-peritoneal administration
of 3 doses of ANS as well as 1 dose of ANS significantly decreased the total intra-abdominal
cell count after infliction of severe peritoneal trauma for at least 96 hours postoperatively (p <
0.05). After treatment with 1 dose of ANS the total cell count seemed to increase earlier and
faster than after treatment with 3 doses, but differences were not significant at any time point
(p = 0.386) (Figure 8.1}). A reversal was seen in the differential cell counts of lavage fluids
regarding the granulocyte-lymphocyte ratio, with a 43-57% ratio in the mildly traumatised
group (A) versus an 81-19% ratio in the severely traumatised group (B) (p = 0.009). This
reversal was seen till 96 hours postoperatively (Figure 8.2). Treating the rats with 3 doses
(group C) as well as 1 dose {group D) of ANS did annui this reversal; a 23-77% ratio was
found in both groups (ti-ts, p < 0.01) (Figure 8.2} at all time points. The total number of PMN's
found in abdominal lavage fluids at different time points are depicted in Figure 8.3. Up till 96
hours after laparctomy severely traumatised peritoneal cavities contained significantly higher
numbers of neutrophils than mildly traumatised cavities or severely traumatised peritoneal
cavities treated with of ANS (p £ 0.02).

Figure 8.4 summarises the results of blood differential cell counts in the 4 groups at different
time points. Lymphocyte, monocyte and neutrophil counts did not differ significantly in
severely or mildly peritoneaily traumatised rats. Treatrment with 3 doses of ANS significantly
decreased these celi counts for a period of at least 96 hours {p = 0.02). This effect was not
seen after treatment with 1 dose of ANS.

121



75
_ 1 L3 No touch
w?_ s Medipres rubbing
:‘:’ 5.0- e 3 ip doses ANS
§ B 1 ip dose ANS
B
[E]
® 257
©
E...
0.0-
Figure 8.1

Median total cell count (range) in abdominal lavage fluids after infliction of minimal (group A,
open bars) or severe (group B, filled bars) peritoneal trauma and after infliction of severe
peritoneal frauma in rats treated with 3 (group C, chequered bars) or 1 (group D, cross-
hatched bars) intra-peritoneal doses of ANS. Fluids were collected § (14}, 72 (t;), 96 (13), 144
{ts}, and 192 hours {I5) postoperatively. Statistics p1 (A versus B), p2 (A versus C), p3 (A
versus D), p4 (B versus C), pb (B versus D), p6 (C versus D): Kruskall Wallis test with Mann-
Whitney U post hoc test. Tq; p1-p5 = 0.009, p6 ns. Ty; pt, p4, pd = 0.009, p2, p3 =0.014, p6
ns. Ts; p4 = 0.021, p5 = 0.048, pb ns. Ty, p4-pb ns. Ts; p4-pb ns.
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Figure 8.2

Median percentage of neutrophils {range) in favage fluids taken from abdominal cavities after
minimal {group A, open bars) or severe (group B, filled bars) peritoneal trauma and after
severe peritoneal frauma in rats treated with 3 (group C, chequered bars) or 1 {group D,
cross-hatched bars) intra-peritoneal doses of ANS. Fluids were collecied 5 (ty), 72 (12}, 96
(ts), 144 (L), and 192 hours (s} postoperatively. Statistics p1 (A versus B}, p2 (A versus C),
p3 (A versus D), p4 (B versus C), p5 (B versus D), p6 (C versus D): Kruskalt Wallis test with
Mann-Whitney U post hoc test. Ty; p1-p5 = 0.009, p6 ns. T; pt, p4, p5 = 0.009, p2 = 0.03 ,
p3 = 0.004, p6 ns. T3; p4, pd = 0.01, p6 ns. Ty, p4-pb ns. Ts; p4-p6 ns.
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Figure 8.3

Median neutrophil granulocyt count {range) in abdominal lavage fluids after infliction of
minimal (group A, open bars) or severe {group B, filled bars) peritongal trauma and after
infliction of severe peritoneal trauma in rats treated with 3 (group C, chequered bars) or 1
{group D, cross-hatched bars) intra-peritoneal doses of ANS. Fluids were collected 5 (t;), 72
(tz), 96 (ta), 144 (&), and 192 hours (i5) postoperatively. Statistics p1 (A versus B}, p2 (A
versus C), p3 (A versus D), p4 (B versus C), p5 (B versus D), p6 (C versus D): Kruskall
Wallis test with Mann-Whitney U posf hoc test. Ty; p1, p4, p5 = 0.009, p2 = 0.02. p3 = 0.014,
p6 ns. Tg; p1-p5 = 0.009, p6 ns. Ts; p4, p5 = 0.021, p6 ns. T.; p4-p6 ns. Ts; p4-p6 ns.
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Figure 8.4

Median blood lymphocyte count after infliction of minimal (group A, open bars) or severe
{group B, filled bars) peritoneal trauma and after infliction of severe peritoneal trauma in rats
treated with 3 (group C, chequered bars) or 1 (group D, cross-hatched bars) intra-peritoneal
doses of ANS. Blood samples were obtained 5 {y), 72 (t2), 96 (k). 144 (t;), and 192 hours (ts)
postoperatively. Statistics p1 (A versus B), p2 (A versus C), p3 (A versus D), p4 {B versus
C}, p5 (B versus D), p6 (C versus D). Kruskall Wallis test with Mann-Whitney U/ post hoc test.
T1; pt, p3, p5 ns, p2, p4 = 0.009. p6 = 0.018. Ty; p1, p3, p5 ns, p2 = 0.014, p4 =0.009, p6 =
0.027. Ts; p4 = 0.021, p5 ns, p6 = 0.043. T,; pd4-p6 ns. Ts; p4-pb ns.

123



Adhesion formation after treatment with 3 doses of ANS

Part of table 8.1 shows that the infliction of severe peritoneal trauma induced significantly
more adhesions than infliction of minimal peritoneal trauma {p = 0.0001). It also shows that
injection of 3 doses of ANS significantly reduced adhesion formation after infliction of severe
peritoneal trauma {p = 0.0001), although the mean adhesion percentage was still significantly

higher than after infliction of minimal trauma (p = 0.0001).

Intra-peritoneal tumour ceil adhesion and growth after treatment with 3 doses of ANS
Table 8.2 shows that the median tumour load at severely traumatised peritoneal sites was
significantly higher than the median tumour load at minimally traurmnatised peritoneal sites (p
< 0.0001). Surprisingly, intra-perifoneal injection of 3 doses of ANS induced significantly
more tumour load at severely traumatised peritoneal sites (p = 0.002), but also at all other
not directly traumatised sites of the peritoneum (p = 0.001), than in controls {Table 8.2). The
median total tumour load after infliction of minimal peritoneal trauma was always significantly
fower than after infliction of severe peritoneal trauma irrespective of ANS treatment or not {p
< 0.0001). These differences were due to significant differences at subcutis, kidney and
omentum (p 5 0.037) {Table 8.2).

Intra-peritoneal tumour cell adhesion and growth after treatment with 1 dose of ANS

Table 8.3 shows that, treatment with a single dose of ANS significantly reduced median
tumour load at severely traumatised peritoneal sites (p < 0.001), and at remote peritoneal
sites in severely traumatised abdominal cavities (p < 0.0001) when compared to median

tumour load found at these sites in severely traumatised rats not treated with ANS.
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Uterus horns n | Percentage adhesion Zihike pft pl p3

formation (SD) score
RO S TR S — b S e —
Il. Medipres rubbing 10 76.3 (7.1} 2-3 0.0001
ll. Medipres rubhbing 10 46.9 (10.6) 1-2 0.0001
& 3x ANS ip
Table 8.1

Mean adhesion percentages {SD), and Zihlke classification of found adhesions, after infliction
of minimal peritoneal trauma (group 1), severe peritoneal trauma {group 11} and after infliction of
severe peritoneal trauma and treatment with 3 intra-peritoneal doses of ANS (group lil}. For
each rat, the individual data concerning the 2 lateral abdorinal wall sites {uterus horns) were
averaged, n is the number of data (= rats} per group used for analysis. Statistics p1 (I versus
I, p2 (Il versus H) and p3 {I versus lil}: one-way ANOVA test, with Student Newman Keuls
post hoc test.

Abdominal sites Tumour load | Tumeur load { Tumour load p1 p2 p3

V. No touch | V. Medipres | VI. 3x ANS

n=g n=9 n=9

AT ) — (4_) e — .. :
Subcutis 1(1-2) 3{(1-4) 5 (4-5) 0.01 | <0.0001 | <0.0001
Parietal peritoneum 0 (0-0) 3.5 (0-1) 3(3-4) ns <0.0001 | <0.0001
Kidney 1(0-2) 25(2-3) 4 (3.4) 0.001 | <0.0001 | <0.0001
Liver 0.5 (0-2) 1{0-2) 3(2-4) ns 0.001 0.001
Retroperitoneum 0 (G-0) 0 (0-1) 2(1-3) ns <0.0001 | <0.0001
Omentum 1(0-2) 2(1-3) 5 (4-5) 0.037 | «0.0001 | <0.0001
Total 0.8 (0-2) 1.8 (1-2) 3.7(3-5) |<0.0001] 0.001 |<0.0001
Table 8.2

Median tumour load (range) at none traumatised uterus horns (group V1), at uterus horns
severely traumatised by rubbing with surgical Medipres gauze (group V) and at uterus horns
severely traumatised by rubbing with surgical gauze during treatment with 3 intra-peritoneal
doses of ANS (group VI). For each rat, the individual data concerning the 2 uterus horn sites
were averaged. Median tumour load (range) at different not directly traumatised peritoneal

sites and median total tumour load foilowing laparctomy (group 1V), laparotomy and severe
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peritoneal traumatasation (group V) and faparotomy, severe traumatisation and freatment
with 3 intra-peritoneal doses of ANS {group VI}. N is the number of treated rats. Statistics p1

(IV versus V), p2 (V versus V1) and p3 (IV versus VI): Kruskall Wallis test with Mann-Whitney
U post hoc test.

Abdominal sites Tumour foad | Tumour load | Tumour load p1 p2 p3

V. No fouch | V. Medipres | IX. 1x ANS

n=10 n=10 n=10

Uterushoms | 0(02) | 5(45) | 22(14) |<0.0001|<0.0001 | <0.0001
Subcutis 1(1-2) 3(2-5) 2{1-3) <0.0001 | 0.002 0.007
Parietal peritoneum 0 (0-0) 0 (0-1) 0 {0-1) ns ns ns
Kidney 1(0-2) 2 (0-3) 1{0-2) 0.002 0.002 ns
Liver 0 (0-2) 0.5(0-2} 0(0-1) ns ns ns
Retroperitoneum 0 (0-0) 0 (0-1) 0 (0-1} ns ns ns
Omentum 1(1-3) 3(2-4) 1.5 (1-3} 0.001 0.001 ns
Total 0.6 (0-2) 1.6 (1-2) 0.8 (0-2} | <0.0001 | <0.0001 ns
Table 8.3

Median tumour load (range) at none traumatised uterus horns (group V1), at uterus horns
severely traumatised by rubbing with surgical Medipres gauze {group V) and at uterus
horns severely traumatised by rubbing with surgical gauze after treatment with 1 intra-
peritoneal dose of ANS (group 1X). For each rat, the individual data concerning the 2 uterus
horn sites were averaged. Median tumour load (range) at different not directly traumatised
peritoneal sites and median total tumour load following laparotomy (group VII), laparotomy
and severe peritoneal traumatisation {group VHI1} and laparotomy, severe traumatisation and
treatment with 1 intra-peritoneal dose of ANS {group IX). N is the number of treated rats.
Statistics p1 (VI versus VIID, p2 (VI versus 1X) and p3 (VI versus 1X): Kruskall Wallis test
with Mann-Whitney U post hoc test.
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DISCUSSION

We and others showed earlier that peritoneal trauma promotes postoperative adhesion
formation, induces local tumour recurrence at traumatised perifoneal sites and even
increases tumour growth at extra-peritoneal sites, %+ 5817, 20.2:

The pathogenesis of the processes leading to postoperative adhesion formation and intra-
abdominal tumour recurrence is multifactorial and only partly clarified. We previously
suggested that one common cascade of reactions following peritcneal damage, is responsible
for both pathological conditions.” Following peritoneal trauma, a variety of cytokines and
other inflammatory mediators are produced by activated mesotheiial cells and by stampeded
inflammatory cells,® 2 The production of mesothefial and inflammatory cell derived
chemokines such as IL-8 (CINC in rats), MCP-1 and IL-1B will cause post-traumatic
migration of PMN and monocytes to the injured peritoneal cavity in order to promote the
peritoneal healing process.*** However, these mediators and recruited cells not only serve
peritoneal healing, but are believed to be responsibie for adhesion formation and tumour cell
adhesion and growth as well.” '* * We showed that lavage fluids collected after infliction of
peritoneal trauma could enhance tumour recurrence in naive, non-operated recipients.’
Detailed analysis of the cellular fraction of these lavage fluids revealed a trauma related
influx of PMN in the abdominal cavity.” PMN's generate reactive oxygen metabolites and
discharge contents of granular organelles into either phagocytic vacuoles or the local
environment to ingest foreign particles or microorganisms. Both oxygen-dependent and
oxygen-independent processes participate in the killing of bacteria but also may (further)
damage surrounding host tissue.® ** * The coincidence of post-traumatic intra-abdominal
PMN influx with adhesion formation and tumour cell adhesion and growth is no solid prove
for the role of PMN in these pathogenetic processes. Effective inhibition of tissue injury by
PMN has been achieved by neutratising PMN chemeattractanis,* blocking of PMN adhesion

molecuies™

and scavenging of reactive oxygen species,™ *® but whether this affected
adhesion formation or tumour recurrence has not been investfigated. For pathogenetic
disorders of other organ systems, the role of PMN could be demonstrated by blocking of
PMN adhesion molecules which resulted in attenuated inflammatory tissue injury and
decreased organ failure. ¥

The present study shows that infliction of severe peritoneal trauma provokes a significant
intra-abdominal PMN influx during a period of at least 96 hours. This influx could be
prevented by freatment with 3 doses of ANS. Averting the post-traumatic intra-abdominal
PMN influx by intra-peritoneal injection of 3 doses of ANS significantly reduced adhesion
formation which indicates that neutrophils play a crucial role in the dynamic cascade of

adhesion formation. However, intra-peritoneal injection of 3 doses of ANS did not decrease
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focal total tumour load but significantly increased tumour recurrence. Treatment with 3 doses
of ANS also significantly decreased blood lymphocyte, monocyte and PMN counts, thereby
seriously compromising the rat immune system. It is conceivable that this
immunosuppression does not have an effect on adhesion formation bui does promote
tumour growth. The effect of ANS on growth of the weakly immunogenic CC531 tumour may
be twofold: inhibitory by reducing PMN influx and stimulatory by the additional
immunosuppression. We observed earlier that immunosuppression leads to enhanced
growth of the tumour used in the current experiments.*’ Treatment of severely peritoneally
traumatised rats with 1 dose of ANS did still annul the post-traumatic PMN influx, but more
selectively than 3 doses, because it did not influence blood lymphocyte and monocyte count.
The last experiments showed that a more selective reduction of post-traumatic PMN influx,
without causing immunosuppression, was possible and indeed significantly lowered tumour
cell adhesion and growth.

In conclusion, these studies demonstrated the adhesion and tumour promoting effect of
PMN's. Preventing tissue damage by reduction of inflammatory cells like PMN's or by
prohibiting their intra-abdominal influx might provide a novel strategy in averting adhesion
formation and tumour recurrence. Wound healing processes rely on the same biological
mechanisms as adhesion formation and possibly, tumour recurrence, thus manipulation of
PMN has to be done selectively and in moderation to prevent unwanted side effects. Cur rat
models may be helpful in further unravelling the cascade of both processes to find the perfect
balance between wanied and unwanted effects of manipulation of the post-traumatic

inflammatory response.
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Chapter IX

Hyaluronic-Based Coating Solution for Prevention of
Surgical Adhesions Has no Major Effect on
Adhesion and Growth of Intra-Peritoneal Tumour
Cells

Adapted from the original publication in the European Journal of Surgery 1999; 165; 791-795

We recently demonstrated that surgical perifoneal frauma induces a cascade of defensive
events that can lead to adhesion formation and adhesion and growth of peroperatively spilled
tumour celfs. Placement of an absorbable barrier of hyaluronic acid/carboxymethylcellulose
(Sepraﬁfmm) or low viscosity 0.4% HA (Sepracoatw) between injured peritoneal sites during
abdominal surgery can reduce postoperative adhesion formation. The objective of our study
was fo find out whether the use of the HA containing solutions might effect the adhesion and
growth of free intra-abdominaf tumour cells.

Rat mesothelial cells were cultured in monolayers and adhesion of CC531 tumour cells was
measured after pre-incubation of the monolayers with Sepracoat™ or PBS. Reproducible rat
models alfowing semiquantiftalive scoring of tumour load were used to observe the effect of
Sepracoat™ on local tumour cell adhesion and growth at minimally and severely traumatised
and remote, not directly fraumatised, perftoneal sites.

Sepracoatm had a small but significant inhibitory effect on the adhesion of CC531 fumour cells
to mesothelial cell monolayers in vifro (p < 0.05). However, we were unable to repeat these
effects in our in vivo rat models, the peroperative inoculation of Sepracoat™ did not reduce
postoperative tumour load at directly minimally or severely, or indirectly traumatised peritoneal
surfaces.

Sepracoatm may inhibit adhesion of tumour cells fo the mesothelium in culture but in the
currently used dose it had no appreciable effect on intra-abdominal tumour cell adhesion and
growth in rats.
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INTRODUCTION

Peritoneal trauma is, as we recently demonstrated, not only is a causal factor for adhesion
formation, but also for the enhanced adhesion and growth of tumour cells." * Using a
reproducible rat model, a significant correlation was found between the amount of peritoneal
trauma and the degree of tumour recurrence. Remarkably, this was not only observed at the
traumatised site, but also distantly at non-abraded peritoneal surfaces.

A new development in the field of adhesion prevention is the use of bioabsorbable formulations
based on hyaluronic acid (HA). Seprafilm™ is a membrane composed of hyaluronic acid and
carboxymethylceliulose with proven efficacy against adhesion formation in animals and
humans.*® Sepracoat™ is a more manageable coating solution, that contains 0.4% of sodium
hyaluronate in phosphate buffered saline (PBS). Precursor formulations of the latter product
have been demonstrated to prevent adhesion formation in various animal models %7

Hyaluronic acid {(HA} is a major component of the extra-cellular matrix (ECM) and is also
secreted by mesothelial cells. ECM and mescthelial cells, either exposed or activated by
surgery, play major roles in the dynamic process of tumour cell adhesion. it has been
demonstratec that the presence of a HA-containing coat on mesothelial cells interferes with the
adhesion of tumour cells in vitro.?

The aim of the present study was to investigate whether SepracoatTM might interfere with intra-
peritoneal tumour cell adhesion. We investigated this in vifro by assessing the adherence of
tumour celis to cultured rat mesothelial celf monolayers, and in vivo in a well-defined

reproducible tumour adhesion and growth model.”
MATERIAILLS AND METHODS

Animals

Female inbred WAG rats of reproductive age weighing 200-250 g were obtained from Harlan,
Zeist, The Netherlands. They were bred under specific pathogen-free conditions and kept
under standard laboraiory conditions (temperature 20-24°C, relative humidity 50-60%, 12 hours
light and 12 hours dark cycies}). The rats were given standard food and water ad fibitum. The
experimental protocol adhered to rules laid down by the Dutch Animal Experimentation Act and

was approved by the Committee on Animal Research of the Erasmus University Rofterdam.

Sepracoat™
Sepracoat ™ coating solution is a sterile-filterad, non-pyrogenic 0.4% (w/w) solution of sodium

hyaluronate in phosphate buffered saline (PBS). It was provided by the manufacturer
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{Genzyme Corporation, Boston, Massachussets, USA),

Tumour

Tumour CC531 is a 1,2 dimethylhydrazine-induced weakly immunogenic, moderately
differentiated colon adenocarcinoma, transpiantabie in syngeneic WAG rats.® The tumour is
maintained in cell culture in RPMI-1640 medium supplemented with 5% foetal calf serum
(virus~ and Mycoplasma-screened), 1% penicillin (5000 U/mL), 1% streptomycin (5000 U/mL),
and 1% L-glutammine (200 mM). All supplements were obtained from Gibco, Paisley, UK. Cells
were passaged once a week using trypsin (0.05%) and EDTA ({0.02%). Before their use, cells
waere trypsinised (5 minutes, 37°C), centrifuged (5 minutes, 700g), re-suspended in RPMI-1640
and counted. Viability was measured by trypan blue exclusion and always exceeded 95%.
Tumour cells were injected within 4 hours after being obtained. CC531 is relatively insensitive

to chemotherapy but is sensitive to the effect of biologic response maodifiers.

Mesothelial cell culture

Mesotheliat cells were isolated from the small bowel mesentery of maie WAG rats as described
previously.” In brief, during a laparotomy under ether anaesthesia window like transparent
triangular sheets of mesentery were isolated and collected in Mank's Balanced Salt Solution
(HBSS) containing 5% human serum albumin (CLB, Amsterdam, The Nethertands), penicillin
(5000 U/mL}, 1% L-glutammine (200 mM) and fungizone {1.25 mg/L). After washing the sheets
twice in this medium, they were incubated in a mixture of collagenase (19/L) and dispase (2.4 x
10° U/L) (Boehringer, Mannheim, Germany). Following incubation during 15 minutes at 37°C
and continuocus gentle shaking, the detached mesothelial cells were pelleted by centrifugation
at 300 g for 5 minutes. Cell viability was determined by trypan blue and always exceeded 95%.
The isolated mesothelial cells were re-suspended in culture medium consisting of RPMI 1640
supplemented with 10% foetal calf serum, penicillin (5000 U/mL), 1% L-glutamin {200 mM) and
fungizone (1.25 mg/L). Medium and al supplements were obtained from Life Technologicals
BV, Breda, The Netherands. The mesentery derived cells grew forming a mesotheliat
monolayer in 48 well plates (Greiner, The Netherlands), pre-coated with collagen type | (15
ug/lem’ collagen S) (cedl biology Roche Diagnostics, Almere, The Netherlands). The identity of
mesothelial cells was illustrated by positive immunchistochemical staining for vimentin and
keratin, and the absence of von Willebrand factor-staining, as reported previously.m Cells for
staining were harvested from confluent mesothelial cell monolayers with the typical
cobblestone appearance. For all experiments, primary cell cultures were used. isolated

mesenteries from at least three different rats were used.
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Operative procedures

To study the effect of Sepracoat™ on tumour cell adhesion and growth in minimally traumatised
abdominal cavities a laparotomy model allowing semiquantitative scoring of tumour load was
used. Under ether anaesthesia the abdomen was opened using a lower midline incision of &
cm. Both uterus horns were left untouched, thus not damaged. Laparctomy was the only
minimal surgical injury inflicted to the peritoneum. Sepracoat™ or PBS was instilled into the
abdominal cavity. Half a million CC531 tumour cells, in 1 mi RPMI 1640, were left behind in the
abdominal cavity and the abdomen was closed in two layers with Dexon 5-0 and silk 2-0
sutures (Braun, Melsungen, Germany).

To study the effect of Sepracoat™ on tumour cell adhesion and growth at minimally and
severely traumatised peritoneal sites our reproducible tumour adhesion and growth model was
used.? Briefly, under ether anaesthesia a laparotomy was performed using a lower midling
incision of 5 cm. Sepramcua’ffM or PBS was instilled into the abdominal cavity. One uterus hom
was exposed, not touched and sutured to the lateral peritoneum both proximally and distafly
with Surgilene 6-0 (Braur). In this way a standardised amount of minimal peritoneal trauma
was inflicted. The other uterus horn was exposed and rubbed with severely traumatising
surgical Medipres gauze (van Heek Medical, Losser The Netherlands) before suturing it to the
lateral abdominal wall. Rubbing was performed with a device enabling the application of a
constant pressure of 120 giem?®. The uterus horn was rubbed 10 times over its total length, A
standardised amount of severe peritoneal trauma was inflicted this way. Half a million CC531
tumour cells, in 1 ml RPMI 1640, were injected intra-peritoneally and the abdornen was closed

in two layers with Dexon 5-0 and silk 2-0 sutures (Braun).

Experimental design

Effect of SepracoatTM on tumour cell adhesion to cultured mesothelial cell monolayers
(in vitro)

After mesothelial monolayers, established in 48 well plates pre-coated with collagen, reached
confluence {usually after 2 days as determined by light microscopy), culture medium was
aspired and an arbitrarily chosen amount of 200 pi of Sepracoat ™ per well was added. This
was left to settle for 3 minutes after which 5 x 10" CC531 cells in 1 ml of culture medium were
added. Non-freated mesothelial monolayers served as controls. Tumour cell adhesion to the
monclayer was assessed at 1, 2, 4 and 8 hours by measuring the DNA content of the cells per
well, after washing away superfluous non-adherent cells, as described previoz;sly.” Specific
adherence was calculaied by substraction of the DNA content of control monolayers.

Mesothelial monotayers and cultures of CC531 were also cultured seperately with Sepracoat™
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to investigate its possible interference with normal cell growth in both circumstances.

Effect of Sepracoat™ on tumour cell adhesion and growth in minimally traumatised
abdominal cavities (in vivo)

Eighteen rats underwent a laparctomy during which both uterus horns were left untouched. In 9
rats (group 1) 3 ml of Sepracoat™ and in 9 rats (group 1) 3 ml of PBS was instilied in the
abdominal cavity. Before closing the abdomen, 0.5 x 10° CC531 tumour cells, in 1 ml RPMI
1640, were injected intra-peritoneally (0.5 ml along the left and 0.5 ml along the right

abdominal wall).

Effect of Sepracoat’™ on tumour cell adhesion and growth at minimally and severely
traumatised peritoneal sites {in vivo)

In 5 rats (group 111} 3 ml of Sepracoat™ and in 4 rats (group V) 3 m) of PBS was inoculated
atter opening the abdominal cavity. Subsequently, in all 9 rats both uterus horns were exposed
and suiured to the lateral peritoneum. All right uterus horns were rubbed with severely
traumatising Medipres gauze before fixation and all left uterus horns remained untouched.
Before closing the abdomen, 0.5 x 10° CC531 tumour cells, in 1 ml RPMI 1640, were
inoculated intra-peritoneally (0.5 ml along the left and 0.5 ml along the right abdominat wall).

Evaluation of intra-peritoneal tumour cell adhesion and growth

Three weeks postoperatively the rats were sacrificed and tumour load was scored
semiquantitatively at the following sites: right uterus hom, left uterus hom, subcutaneously (at
the site of the operative scar), parietal peritoneum (at the lateral abdominal wall sides where no
uterus horns were fixated), kidney, liver, retroperitoneum and omentum. The scoring was
performed by 2 independent cbservers using a tumour scoring system derived from the
peritoneal cancer index described by Steller and ranging from 0 to 5 per abdominal site (Table
6.1, Chapter 6)." For each rat the score at all peritoneal sites, except for the uterus horns, were
summarised, from which a mean total tumour load per rat could be estimated. In the present
study the term tumour recurrence is sometimes used to illustrate tumour load, which is the
assumed in vivo net result of tumour cell adhesion and tumour growth, because we presume
intra-peritoneal injecting of tumour cells resembles the clinical situation of tumour cell spill

during tumour resection.

Statistical analysis
The mean and standard deviation of in vifro tumour cell adhesion was calculated per group.

Data were statistically analysed using analysis of variance (ANOVA) to determine overall
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differences, followed by the Newman-Keuls post froc test to compare between groups. Statistical
significance was defined as p < 0.05. The median and range of infra-peritoneal tumour load at
each site and of the fotal tumour load were calculated per group. Statistical analysis was
performed using the non-parametric Mann-Whitney U test. Statistical significance was
defined as p < 0.05.

RESULTS

Effect of Sepracoat™ on tumour cell adhesion to cultured mesothelial cell monolayers
{ir vitro)

Sepracoat™ had no effect on growth or survival of mesothelial cells and CC531 tumour cells
{data not shown). The effect of Sepracoat™ on the adhesion of tumour cells to mesothelial celt
monolayers is shown in figure 9.1. Although the differences were smail, tumour cell adhesion in

the presence of Sepracoat’™ was significantly less than in controls at all time points (p < 0.05)

Effect of Sepracoat’™ on tumour cell adhesion and growth in minimally traumatised
abdominal cavities (in vivo}

Table 9.1 shows that intra-abdominal injection of Sepracoat™ after infliction of minimal
peritoneal trauma did not significantly decrease the median total tumour load in comparison to
the median total tumour load found in abdominal cavities injected with PBS (p = 0.6). Only at
one peritoneal site {the parietal peritoneum) the median kimour ivad was significantly lower in
the group injected with Sepracoat™ than in the control group injected with PBS (p = 0.03).
Effect of Sepracoat’™ on tumour cell adhesion and growth at minimally and severely
traumatised peritoneal sites {in vivo)

Table 9.2 shows that neither at the severely nor at the minimally traumatised peritoneum of the
uterus horn the median tumour load could be significantly impaired by intra-abdominal
inoculation of Sepracoat™ before peritonsal traumatisation (p = 0.8).

The median tumour load at not directly traumatised peritoneal sites and the median totaf
tumour load did not differ significantly in groups intra-abdomirally treated with Sepracoat™ or

PBS (p 2 0.05) (Table 9.3).
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Figure 9.1

Time dependent adhesion of CC531 tumour ceils to mesothelial monolayers in the presence
{filed bars) or absence (open bars) of Sepracoat™. P < 0.05 at all time points. The number of
cells adhering was estimated by DNA measurements (ng of DNA per well). Data were

expressed as the mean and SD. Statistics: ANOVA test with Newman-Keuls post hoc test.

Abdominal sites Tumour toad Tumour load p

|. Sepracoat™ Il. PBS

n=9 n=9

Subcutis 3{0-4) 3(1-3) ns
Parietal peritoneum 0{0-1) 1{0-3) 0.03
Kidney 2 (0-4) 2 {0-3) ns
Liver 1(1-3) 1{0-3) ns
Retroperitoneum 1(0-3) 1{0-3) ns
Omentum 2 (1-4) 2 (1-4) ns
Total 2(0-4) 2 (0-4) ns
Tabie 9.1

Median tumour load (range) at different not directly traumatised peritoneal sites in rats having
undergone a laparotomy followed by injection of 3 ml SepracoatTM (group 1) or 3 ml PBS (group
il). For each rat, the individual data concerning the 2 uterus horn sites were averaged; n is the

number of data (= rats) per group used for analysis. Stafistics: Mann-Whitney U test.
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Abdominal sites

Medipres rubbing

Tumour load Tumour load p
Ill. Sepracoat™ IV. PBS
n=5 n=4

4 (2-4} 4 (2-4) ns
No touch 4 (2-4} 3 (2-4) ns
Table 8.2

Median tumour load (range) at uterus homns severely traumatised by rubbing with Medipres

gauze and at not directly traumatised uterus homs in rats inoculated with 3 ml Sepracoa

(group ) or 3 ml PBS (group 1V). N is the number of data (uterus horns) per group used for

analysis. Statistics: Mann-Whitney U test.

Abdominal sites Tumour load Tumour load p

IHl. Sepracoat™ V. PBS
n=5 n=4
Subcutis (0-4) 3 (1-3) ns
Parietal peritoneum 0 (0-0) 0 (0-0} ns
Kidney 1(0-2} 1(0-2) ns
Liver 1{0-2) 1{0-3) ns
Retroperitcneum 1(0-3) 1(0-3) ns
Omentum 2{1-4) 2 (2-4) ns
Total 2 (0-4) 1.5 (0-4) ns
Table 9.3

Median tumour load (range) at different not directly traumatised peritoneal sites in rats having
undergone a laparotorny followed by inoculation of 3 mi SepracoatTM (group Iil) or 3 ml PBS
{group V). In all rats at least one uterus hom was rubbed with severely traumatising Medipres
gauze. N is the number of data (= rats) per group used for analysis. Statistics: Mann-Whitney U
test.
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DISCUSSION

Sheets and solutions containing HA have clinically and experimentally shown to be effective in
preventing surgery-induced adhesion formation.®>® HA is an important component of the extra
cellular matrix (ECM) and mesothelial cells, both of which play pivotal roles in fumour celi
adhesion. HA is a principal ligand for CD44 which is an ubiquitous, muitistructural and
multifunctional surface adhesion molecule regulating ceill-cell and cell-matrix interactions."
CD44 and its variants are present on many cancer cell types and have found to be involved in
local tumour progression and metastasis." '° CD44 is also present on tumour CC531.%
Therefore, a major objective of the current study was 1o investigate whether peroperative
application of a HA containing solution, i.e. Sepracoat™, might affect the local adhesion and
growth of "spilled" fumour cells. We anticipated that pre-treatment with SE,-prac:oatTM might
reduce the severity of peritoneal trauma by protecting the mesothelial cell lining, and thus
prevent activation of the mesothelium and expesure of ECM. Consequently, tumour cell
adhesion might have been decreased, especially at traumatised sites. The results obtained in
the tumour adhesion and growth mode! indicate that this was not the case. If anything,
Se;)rac:oatWI seemed to enhance tumour cell adhesion o traumatised peritoneal sites, resulting
in a higher score at the uterine homs and subcutis, however the differences were not
statistically significant. It is noteworthy that there was no difference between the fumour load
scores at the rubbed and unabraided uterus horns. A difference might have been expected
because of the recently demonstrated relationship between degree of trauma and tumour
load.* The explanation: for this seemingly discrepancy is that local intra-peritoneal trauma does
affect the whole peritoneal cavity. The existence of this emanation phenomencn has currently
been demonstrated by van den Tol et al?inthe faparotomy model the inflicted surgical trauma
was relatively mild and consisted of laparotomy only. We previously demonstrated that this
procedure suifices to enhance the intra-peritoneal adhesion and growth of CC531 tumour celis
considerably, as compared to the minimal outgrowth occurring in rats that did not undergo
surgery.” Sepracoat™ applied in this mild surgical setting may, theoretically, act in two
opposite directions. Firstly, it may decrease mesothelial activation and consequently tumour
cell adhesion by preventing dissication. On the other hand, SepracoatTM apphed on an intact
mesothelial surface may improve tumour cell achesion by providing numerous sites for HA-
CD44 interaction. The results in our in vifro studies do not support the hypothesis that
Seprac:oaﬁ:TM may improve tumour cell adhesion; on the contrary the adhesion of tumour cells to
mesothelial monoclayers was inhibited. Our in vivo resuits in the laparotomy model were
obvious; except for one site, there were no significant differences in tumour load scores

between the two groups. Possibly this was the net result of the two opposing mechanisms
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described above.

In conclusion, although the in vitro results indicate that Sepracoat™ may inhibit the adhesion of
tumour cells to mesothelial surfaces, this effect had no impact in vivo, when it had neither a

beneficial nor a detrimental effect on intra-abdominal tumour cell adhesion and growth in the
models used.
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Chapter X

Icodextrin® Is a Potent Inhibitor of Postoperative
Adhesion Formation in Rats but Does not Affect

Intra-Peritoneal Tumour Cell Adhesion and Growth

Submitied for publication

Postoperative adhesion formation and intra-abdominal fumour rectirrence are significant
clinical problems causing severe morbidity and mortality. Peroperative peritoneal tratima
activates a cascade of peritoneal defence mechanisms responsible for postoperative
adhesion formation. The same cascade may, according to our previous studies, play a key
role in the process of intra-abdominal tumour recurrence after “curative” resection of
colorectal carcinomas. The purpose of the present study was to evaluafe the influence of a
new glucose polymer solution, which physically separafes peroperatively injured peritoneal
surfaces ({icadextrin®), on postoperative intra-abdominal adhesion formation and tumour
recurrence.

Reproducible rat models allowing semiquantifative scoring of adhesion formation or tumour
load were used in three different groups of rats. After the infliction of severe peritoneal
trauma one group was freated by peroperative intra-abdominal instillation of a 7.5%
icodextrin® solution, one by instiftation of RPMI (placebo) and in one group there was no
instillate (controis).

Treatment of severely peritoneally fraumatised rats with icodextrin® caused a more than 60%
reduction in postoperative adhesion formation (p < 0.0001), while RPM! freatment had no
significant effect. Peroperative intra-abdominal treatment with icodextrin® did not affect infra-
peritoneal tumour cell adhesion and growth of free infra-abdominal tumour cells in severely
traumatised peritoneal cavifies.

feodextrin® was found to be a well tolerated, safe and easy to use solution that effectively
reduces extent and severity of postoperative adhesion formation in rats without promoting or
inhibiting tumour recurrence.
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INTRCDUCTION

Postoperative adhesion formation is a major, up till now unaveidable complication of any kind
of abdominal surgery. Postoperative adhesions occur in 55-100% of patients undergoing
surgery, with an average of approximately 85%."° These adhesions can result in bowel,
fertility and abdominal syndromes. Adhesions are the cause of 30% of all bowel
obstructions,*® of 15-20% of infertility in women”™ & and of 13-26% of chronic pelvic pain in
women.” ' Adhesions also increase the technical difficulty and the rsk of intraoperative

complications at subsequent surgery.”

Clearly, in addition to morbidity and mortality
adhesion formation also has financial consequences.”™ A simple cost effective method to
reduce or prevent adhesion formation is therefore needed.

Different animal and clinical studies have indicated that placement of absorbabie barriers like
expanded polytetraflouroethylene  (Preclude®), polaxamer 407, oxidized regenerated
cellulose (INTERCEED®), or hyaluronic acid/carboxymethyicelluiose (Seprafilm™) between
injured peritoneal sites, or the peroperative intra-abdominal application of a viscous solution
such as ionically cross-linked 0.5% hyaluronic acid (Intergel™), 32% dextran 70 (Hyskon®} or
low viscosity 0.04% hyaluronic acid (Sepracoat™), can reduce postoperative adhesion
formation.”™2* A major disadvantage of the site-specific adjuvants is that the surgeon must
augur adhesion formation sites to determine barrier placement. Non site-specific adjuvants
show doubtful adhesion preventive gualities and are associated with undesirable local and
systemic side effects like oedema, body weight and central venous pressure increase, and
transient liver function disturbances ™ To overcome these problems, a glucose polymer
solution already successfully and safely used in peritoneal dialysis was recently further
developed into a fluid that is absorbed only slowly, allowing prolonged “hydroflotation” of the
peritoneal cavity.”” *® One aim of this study was to further evaluate the adhesion reducing
effect of this new glucose palymer solution, icodextrin®, in a well-defined rat adhesion model.
Despite intentionally curative resection for gastro-intestinal carcinoma, local recurrence and
peritoneal dissemination are a common cause for post-surgical tumour recurrence.”
Distribution patterns of first peritoneal recurrence show that the resection site is preferential,
and combined recurrence on peritongal surfaces and resection site is common.*® We and
others previously suggested that the dynamic cascade of peritonsal healing, induced by
peritoneal damage, leading to adhesion formation also seems to be important in the process
of intra-peritoneal adhesion and growth of tumour cells.® ** Indeed previously described
clinical and experimental studies showed that surgical trauma may promote intra-abdominal
tumour recurrence.’*® The degree of inflicted peritoneal trauma correlated with the extent of
intra-abdominal tumour fcad.®" The second aim of this study was to analyse the effect of

icodextrin® on tumour recurrence. Using a reproducible rat tumour adhesion and growth
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modet we analysed whether icodextrin® might reduce or passibly promote the adhesion and
growth of intra-peritoneally injected tumour cells,

MATERIALS AND METHODS

Animals

Female inbred WAG rats of reproductive age weighing 145-190 g were obtained from
Harlan-CPB, Austerlitz, The Nethertands. The rats were bred under specific pathogen-free
conditions. The animals were kept under standard laboratory conditions (temperature 20-
24°C, relative humidity 50-60%, 12 hours light and 12 hours dark cycles), fed with standard
rat food and water ad libitum and quarantined in our University facilities for at least two days
prior to use. The experimental protocol adhered to rules laid down by the Dutch Animal
Experimentation Act and was approved by the Committee on Animal Research of the
Erasmus University Rotterdam, The Netherlands.

tcodextrin®

We used the 7.5 % solution of icodextrin, which is regularly used for peritoneal dialysis
(Extraneal™, Baxter Healthcare Inc.). lcodextrin is a bicdegradable, biocompatible, a-1,4
linked glucose polymer. The large icodexirin molecule is not digested intra-abdominally but
is, via the lymphatic system, gradually absorbed into the bloodstream where it is partitioned
sequentially by the enzymes a-amylase and maltase to maltose and glucose. Previous
experimental and clinical studies assessed the safety, tolerability and preliminary
effectiveness with regard to reducing postoperative adhesion formation. A volume of 20 mi

per kg bodyweight has been indicated as the optimal applicable volume.* %

Tumour

Tumour CC531 is a 1,2-dimethylhydrazine-induced, moderately differentiated, weakly
immunogenic colonic adenocarcinoma transplantable in syngeneic WAG rats,* The tumour
is maintained as a cell culture in RPMI 1640 medium supplemented with 5% foetal calf
serum (virus- and Mycoplasma-screened}, 1% penicillin (5000 U/mL}, 1% streptomycin {5000
UfmL) and 1% L-glutamine {200 mmol). Medium and all supplements were obtained from
Life Technologicals BV, Breda, The Netherlands. Cells were passaged once a week using
trypsin (0.05%) and EDTA (0.02%). Before use in vivo, tumour cells were harvested from
stationary cultures by gentle trypsinisation (5 minutes, 37°C), centrifugation (5 minutes, 700
g) and re-suspension in RPMI 1640, providing cell suspensions with a viability greater than
90%. CC531 is relatively insensitive to chemotherapy but is sensitive to the effects of biologic

response modifiers.
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Operative procedures

To study the effect of icodextrin® on adhesion formation our previously described
reproducible rat adhesion model was used.® Briefly, under ether anaesthesia and aseptic
conditions a laparotomy was performed using a lower midline incision of 5 cm. Three
Surgilene 5-0 sutures (Braun, Melsungen, Germany) were applied to beth lateral peritoneal
sides 0.7 cm from each other and 1.5 cm downwards from the abdominal incision. Adl knots
were double knots fasiened tightly to ensure local ischemia. Both uterus homs were
exposed, rubbed with surgical Medipres gauze (van Heek Medical, Losser, The Netherlands)
and sutured to the lateral peritoneum with Surgitene 6-0 (Braun) proximalty and distally from
the three 5-0 sutures. Rubbing was performed with a device enabling the appiication of a
constant pressure of 120 g/cm®. The uterus horns were rubbed 10 times over their total
length. In this way a standardised amount of severe peritoneal trauma was inflicted. Before
closing the abdominal cavity the rats were treated by intra-abdominal instillation of
icodextrin®, RPMI (placebo) or received no further treatment (controls). The abdomen was
ciosed in two layers with 5-0 potyglycolic acid and 2-0 silk sutures {Braun).

To study the effect of icodextrin® on local fumour recurrence our previously designed
reproducible tumour adhesion and growth modet was used.®” Under ether anaesthesia and
aseptic conditions a laparotomy was performed using a lower midline incision of 5 cm. Both
uterus horns were exposed, rubbed 10 times with surgical Medipres gauze and sutured to
the lateral peritoneum both proximally and distally, using Surgilene 6-0 sutures. In this way a
standardised amount of severe peritoneal trauma was inflicted. After traumatising the
peritoneun icodextrin®, RPMI {placebo) or nothing (control) was administered intra-
abdominally. Before ciosing the abdomen, 0.5 x 108 CC531 tumour cells, in 1 mi RPMI 1640,
were injected intra-peritoneally. The abdomen was closed in two layers with 5-0 polyglycolic
acid and 2-0 silk sutures,

Experimental design

Effect of icodextrin® on adhesion formation

In 30 rats standardised severe peritoneal trauma was inflicted to both lateral peritoneal sides
by applying 3 sutures in, and fixating the rubbed uterus horn to the lateral peritoneum. At the
end of surgery in 10 rats (group 1) 3 mi icodextrin® and in 10 rats {group 1) 3 mi RPMI
(placebo) was instilled intra-abdominally prior to closure of the abdomen. in 10 rats (group HI)
there was no instillate {controis).
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Effect of icodextrin® on tumour cell adhesion and growth

In 30 rats standardised severe peritoneal trauma was inflicted by rubbing the exposed uterus
horns and fixating them to the lateral peritoneum. In 10 rats (group 1V} 3 ml icodextrin® and in
10 rats (group V) 3 mi RPMI (placebo) was administered intra-abdominally after traurmnatising
the peritoneum. Ten rats (group V1) received no treatment (controls). Before closing he

abdomen the CC531 tumour cells were injected intra-peritoneally in all groups.

Evaluation of adhesion formation

Fourteen days after laparotomy all rats were sacrificed for assessment of intra-abdominat
adhesion formation. Macroscopically the adhesions were scored according fo their extent
(quantity} and type (guality) by two independent observers. The extent of adhesion formation
was quantified by dividing the area to be scored into eight segments marked by the three 5-0
sutures in the lateral peritoneum {Figure 3.3, Chapter 3). The presence or absence of
adhesions in the eight demarcated areas was scored. If there were adhesions i an area this
accounted for 12.5% adhesions; a maximum of 100% adhesions could be scored. In each rat
iwo lateral peritoneal sides were assessed. The type of adhesions formed was classified
macroscopically using the Zilhlke classification (Table 3.1, Chapter 3).%

Evaluation of intra-peritoneal tumour cell adhesion and growth

Twenty-one days after surgery all rats were sacrificed and intra-peritoneal tumour load was
scored semiquaniitatively at the following peritoneal sites: right uterus horn, left uterus horn,
subcutaniously (at the site of the operative scar), parietal peritoneum (at the lateral
abdominal wall sides whare no uterus horns were fixated), kidney, liver, retroperitoneum, and
omentum. The scoring was performed by twe independent ohservers using a tumour scoring
system derived from the peritoneai cancer index described by Stelier and ranging from 0 to 5
per abdominal site (Table 6.1, Chapter 6).% For each rat the score at all peritoneal sites,
except for the uterus horns, was summarised, from which a mean total tumour load per rat
couid be estimated. In the present study the term tumour recurrence is sometimes used to
illustrate tumour load, which is the net result of tumour cell adhesion and tumour growth,
because we presume that inira-peritoneal injection of tumour cells resembies the clinical

situation of tumour cell spiil dusing fumour resection.

Statistical analysis

The mean adhesion percentage and standard deviation was calculated per group. Data were
statistically analysed using the one-way ANOVA test to determine overall differences. If the
ANOVA test was significant on a 5% level, the Student Newman Keuls post hoc test was

carried out to make a comparison between groups.
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The median and range of intra-peritoneal tumour load at each scored abdominal site and of
the total tumour load were calculated per group. Statistical analysis was performed using the
non-parametric Kruskall Wallis test to determine overall differences followed by the Mann-
Whitney U test to compare differences between groups. Statistical significarice was defined
as p <0.05.

RESULTS

None of the rats were found to have adhesions at the initial operation. There were no
postoperative complications e.g. bowel obstructions, peritonitis or tumour overgrowth, No
teaking of fluids from the abdominal wounds and no postoperative bulging of abdomens was
observed. No remnant fluids were found at necropsy at day 14 or day 21.

Effect of icodextrin® on adhesion formation

Table 10.1 shows that icodextrin® significantly reduced postoperative adhesion formation
after severe peritoneal trauma (p < 0.0001). The mean adhesion percentage found after
peroperative instillation of RPMI did not differ significantly from that of controls. The
adhesions formed in the icodextrin® group were filmy (Zihlke type 1-2) involving only pelvic
fat. Adhesions found after administration of RPMI and in controls were stranger (Zithike type

2-3), involving pelvic fat, uterine horn and small bowel.

Effect of icodextrin® on tumour cell adhesion and growth

Table 10.2 shows the tumour scores at directly traumatised peritoneal sites, at remote non-
traumatised peritoneal sites and also depicts the fotal tumour load. Treatment with
icodextrin® or RPMI did not significantly affect tumour load on severely traumatised uterus
horns. The median total fumour scores (at not directly traumatised peritoneal sites) were
similar in the three experimental groups. At one peritoneal site (retroperitoneum) the tumour

score in the icodextrin® group was significantly lower than in the controf group (p = 0.007).
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Uterus horns n | Percentage adhesion Zihike pt p2 p3
formation {SD) score
1_e'| mlg () S — . e e
& 3 mi icodextrin®
{l. Medipres rubbing 10 65.0 (7.3) 2-3 ns
& 3 mi RPMI
{Il. Medipres rubbing 10 69.9 (14.9) 2-3 0.0001
Table 10.1

Mean adhesion percentages (SD), and Zlhtke classification of found adhesions, after infliction
of severe peritoneal trauma and intra-abdominal instillation of icodextrin® (group 1) or RPMI
(group 11 and in non-treated controls {group Ii!). For each rat, the individual data concerning
the 2 lateral abdominal wall sites {uterus horns) were averaged; n is the number of data (=
rats) per group used for analysis, Statistics p1 (I versus ll), p2 (Il versus 1) and p3 (I versus
iy one-way ANOVA test, with Student Newman Keuls post hoc test.

Abdominal sites Tumour load | Tumour load Tumour load pfi p2 p3
IV. lcodextrin®| V. RPM! | V1. No treatment
n=10 n=10 n=10
Uterus horns 5(3.5-5) 5 (4-5) 5 (5-5) ns ns ns
Subcutis 3(2-3) 3(24) 3(2-4) ns ns ns
Parietal peritoneum 0 (0-2) G {0-1) G (0-1) ns ns ns
Kidney 2 (0-4) 2{1-3) 2{1-3) ns ns ns
Liver 1(1-1) 1{0-2) 1{1-2) ns ns ns
Retroperitoneum 0 (0-0) 0 {0-1} 1{0-1) ns ns |{0.007
Omentum 2.5(2-4) 3{2-4} 3(1-4) ns ns ns
Total 1.6 (1-2) 1.7 (1-2) 1.8 (1-2) ns ns ns

Table 10.2

Median tumour load {range} at severely traumatised uterus horns, at non-traumatised
peritoneal sites, and the median total tumour load after intra-abdominal instillation of
icodextrin® (group 1v), intra-abdominal instillation of RPMI (group V) or in non-treated
controls (group VI). For each rat, the individual data concerning the 2 uterus horn sites were
averaged. N is the number of treated rats. Statistics p1 (IV versus V), p2 {V versus VI) and
p3 (IV versus V1): Kruskall Wallis test with Mann-Whitney U posf hoc test.
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DiSCUSSION

The aetiology of adhesion formation is only partly understood but the process is initiated by
traumatising the peritoneal surface either by surgical action, by endometriosis, or by
infection.® ¥ The formation of an adhesion commences with injury to two layers of the
perifoneum, one oppesite the other, and the resulting exudation contributes to the deposit of
fibrin and adhesion between the two membranes.*” ** Whether such adhesions are
permanent or will eventually be lysed, is assumed to be dependent on the fibrinolytic
capacity of the peritoneum.”™ A wide variety of therapeutic modalities affecting different
levels in the cascade of fibinogenesis and fibrinolysis have been studied experimentally and
clinicalty.*** Results are inconsistent and associated with many side effects such as intra-
abdominal haemorrhage and impaired wound healing. Avoiding per- and postoperative
contact between traumatised peritoneal surfaces might bring us closer to reducing
postoperative adhesion formation. Increasing the physiological liquid interface between two
peritoneal surfaces is liable to reduce the initial adhesion phenomena at its origin. Indeed in
a rat model, postoperative peritoneat dialysis significantly reduced adhesion formation,
presumably due to a flotation effect and dilution of the fibrin exudates.”® Obviously,
postoperative peritoneal dialysis is not feasible in the clinical setting but these results
stimulated further investigations. Various liquids have been installed peroperatively in the
peritoneal cavity with the hope that "hydrofictation” would enable traumatised surfaces to be
kept separate for & while.?"** Unfortunately these liquids were absorbed too guickly to bring
about clinical successful adhesion prevention®™ or caused unwanted side effects® *
Separating peritoneal surfaces by means of slow absorption solutions, allowing prolonged
postoperative “hydrofoliation” of the peritoneal cavity might have a more efficient anti-
adhesive effect. lcodextrin is a large a-1,4 finked glucose polymer broken down sequentially
by the enzymes c-amylase and maitase to maltose and glucose. Amylase is widely
distributed throughout the body but is not or hardly present in the peritoneal cavity of humans
and rats. When administered peroperatively, icodextrin is largely retained within the
abdominal cavity for up to five days during which the polymer is gradually absorbed through
the lymphatic system info the systemic circulation.®’ Icodextrin 7.5%, although iso-osmolar,
induces ulirafiltration through collcid osmosis and the presence of the polymer is presumed
to create a constant fluid layer batween peritoneal surfaces.® Theoretically, the fiuid acts to
reduce the formation of adhesions by a 5-day period of “hydrofiotation” of the total abdominal
cavity, the time of maximum risk of adhesion formation.® * This study showed that after
severe surgical peritoneal trauma icodextrin® significantly reduced the extent and severity of
adhesion formation.
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We have previously suggested that the peritoneal defence mechanism triggered by surgical
trauma to the peritoneum not cnly promotes adhesion formation but also stimulates tumour
recurrence.” Several theories speculate on the underlying mechanisms of the adhesion and
growth of spilled tumour cells. Implantation of tumour cells onto raw tissue surfaces is an
efficient process as opposed fo implantation on intact surfaces.® The fibrin entrapment
hypothesis proposes that tumour cefls are trapped in fibrin at the resection site and abraded
peritoneal surfaces, hereby providing protection from host defence mechanisms.®® Whether
postoperative “hydroflotation”, could also keep free intra-abdominal tumour cells from
adhering to damaged peritoneum was doubtful since icodextrin® does not prohibit disruption
of the mesothelial cell {ining and exposure of the underlying extracellular matrix playing a
pivotal in adhesion of tumour cells. Results obtained in our tumour adhesion and growth
mode! showed that tumour joad at traumatised peritoneal surfaces indeed was not reduced
by peroperative intra-abdominal icodextrin® treatment. This does not mean that there is no
analogy in the processes of adhesion formation and tumour recurrence. Apparently it is not
possible to keep free floating tumour cells from an injured peritoneal surface by a liquid
barrier in which tumour cells suspend and stay alive. Physically, icodextrin® does not form a
barrier between tumour cells and damaged peritoneal surfaces as it does between two
injured peritoneal surfaces. lcodextrin® might be a medium in which tumour cells can
proiiferate and augment motility, increasing their metastatic ability. The results of this study
did not support this hypothesis since total peritoneal tumour load at traumatised and remote
peritoneal sites was not increased by icodextrin®, on the confrary tumour load at one remote
peritoneal site was even significantly reduced in the icodextrin® treated group.

In conclusion the current study showed that the novel glucose polymer solution, icodextrin®,
used as an intraoperative intra-abdominal instillate was well tolerated, safe, easy to use and
significantly reduced postoperative adhesion formation without promoting or inhibiting tumour
recurrence. lcodextrin® therefore seems to be a gooed modality {6 prevent intra-peritoneal
adhesion formation and may be used safely in oncological surgery.
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Chapter X

General Discussion

Surgical peritoneal trauma and postoperative adhesions

Peritoneal trauma causes a disturbance of the normal intra-abdominal inflammatory and
fibrinogenetic defences leading to a disrupted equilibrium between mediators of the
inflammatory response and between fibrinigenesis and fibrinolysis and thus induces post-
surgical adhesions. Due to a lack of complete understanding of the dynamic process of
peritoneal healing and its derailment, literature abounds on all kinds of methods to prevent
adhesion formation. The results achieved with the different treatment modalities are
inconsistent and associated with many side effects such as impaired wound healing,
reduction of the immune system, intra-abdominal haemorrhage and gastrointestinal bleeding.
Untii today, only one technique is effective in reducing the occurrence of post-surgical
adhesions 1o some extent. This technigue aims to avoid manipulations which are known to
provoke adhesion formation.™® That includes preventing unnecessary desiccation, handling,
clamping or suturing (ischaemia) of tissue and spilling of foreign material during operative
interverttion.* ® Also, general agreement exists that it is unnecessary and even unwanted to
close the peritoneum postoperatively,>"" However, although peritoneal trauma was proven to
be a cause of adhesion formation, a link between the degree of peritoneal trauma and the
extent of formed adhesions was never demenstrated.® '® ™ Therefore, the first aim of the
experiments described in this thesis was o analyse whether the extent and type of post-
surgical adhesion formation correlates with the degree of peritoneal damage inflicted. In order
to evaluate this, we developed a reproducible rat model, aliowing semigquantitative and
qualitative scoring of adhesions in vive in which the clinical situation of post-surgical
adhesion formation was imitated. Results of the first experiments showed that the extent of
adhesion formation correlated significantly with the inflicted degree of petitoneal damage.
Furthermore one of the aims of studies portrayed in this thesis was to identify whether agents
like surgical gauze, lavage solutions and glove powder, hot yet generally considered as
traumatic for the peritoneurn and commonly used in general surgical practice, indeed were

traurnatic and could consequently cause postoperative adhesions. We aiso investigated less

161



traumatic alternatives for these agents. Experimental results demonstrated that intra-
abdominal manipulation with surgical Medipres gauze was very traumatic to the peritoneum
and induced significantly more adhesion formation than manipulation of the peritoneum with
less traumatic non-surgicat Fastsorb textile. Moreover, there was no significant difference in
the extent and type of adhesions formed after infliction of minimal peritoneal trauma alone or in
combination with Fastsorb manipulation, suggesting Fastsorb is hardly fraumatic for the
peritoneum. Given these results and the fact that non-surgical Fastsorb textile meets impoertant
criteria for surgical abdominal swabs, this non-abrasive textile might be a suitable substitute for
Medipres gauze in surgical practice. Further experiments showed that exposure of the
abdominal cavity o lavage solutions, often used in the end stage of abdominal interventions,
also iraumatised the peritoneum and engendered significant adhesions formation. During
surgery in non-contaminated abdominal cavities peritoneal lavage should not be performed
and per-operative lavage of contaminated abdominal cavities should be viewed with caution.
Last but not least, because powdered gloves are still universally used in abdominal surgery,
we performed the studies demonstrating that local application of glove powder on minimally
and severely traumatised peritoneum gave rise to a significantly higher percentage of
adhesion formation than infliction of peritoneal trauma alone. This finding adds to the already
existing evidence®?® that intra-abdominal contamination with starch by the use of starch
powdered gloves should be avoided.

Surgical peritoneal trauma and tumour recurrence

Most attempts at treating intra-abdominal tumour recurrence, like local or regicnal chemo-
and radiotherapy and photodynamic therapy,”® are aimed at annulling manifest peritoneal
tumour foci but do not focus on prohibiting the postoperative arising of local tumour
recurrence. A different approach to diminishing post-surgical intra-abdominal tumour
recurrence is to interfere with the primary implantation and growth process of intra-
abdominally spilled free tumour cells. This necessitates a profound understanding of the
underlying pathophysiclogic mechanisms leading to local tumour recurrence. Subsequent
studies described in this thesis were aimed at unravelling the links between surgical
peritoneal trauma and the process of postoperative adhesion formation and intra-abdominal
tumour recurrence and analysing the similarities amongst the latter.

The observad preference of tumours to recur at surgically traumatised sites®™ ™ and the
theory of metastatic efficiency and the tumour cell entrapment hypothesis® brings up the
question whether the dynamic peritoneal healing process, which when not in balance can
lead to acdhesion formation, also plays a role in the process of local tumour recurrence. This
ascertainment and theoretic perceptions led us to investigate if a correlation existed between
surgical peritoneal trauma and intra-abdominal tumour recurrence.
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In order to meet this purpose and evaluate patterns of tumour recurrence in vivo, different rat
models were used. We developed a reproducible rat tumour adhesion and growth modei,
analogous to the rat adhesion model, allowing semiquantitative scering of tumour load in
which the clinical situation of free intra-abdominal tumour cells was mimicked. This model
associates the combination of cell adhesion and growth, ultimately leading to manifest
tumour lpad. The amount of tumour recusrence at directly and not directly traumatised
peritoneal sites appeared to be highly correlated with the degree of peritoneal trauma. The most
impressive tumour icad was observed at severely traumatised peritoneal sites. However,
enhanced tumour recurrence was also seen at not directly traumatised peritoneal sites and the
amount of tumour at these loco-regional sites also correlated with the severity of the trauma,
This indicates that the sequelae of peritoneal trauma with regard to tumour recurrence are not
confined to the inflicted site itself, but appear o have a generalised character. in a previously
developed sub-renal capsule assay, the effect of surgical peritoneal trauma on the growth of
extra-peritoneal umours could be reproduced. Because promotion of adherence was
irrelevant in this model it represents the systemic effects on tumour growth that may occur
after surgical injury. After placing a sclid tumour in the extra-peritoneal space, the intensity of
surgical trauma correlated with the extra-peritoneal tumour growth, suggesting that systemic
factors produced after surgical peritoneal trauma indeed play an important role in enhanced
tumour growth. The apparent generalised character of tumour recurrence led to the
hypothesis that factors produced after peritoneal frauma, may influence ioco-regional and
distant aspects of tumour recurrence. When these factors were captivated in a peritoneal
lavage fluid and passively transferred to naive recipients, this hypothesis was confirmed. To
study merely the effect of tumour cell adhesion an in vitre mode! was designed. Culturing a
monotayer of mesotheiial cells on a matrix coating mimicked the peritoneum. Tumeour cetl
adhesion to mesothelial cells could be studied after pre-incubating the mesothelial monolayer
with different substances. In experimenis using this model, described by van Rossen et al,*
cytokines and growth factors, produced by exposed endothelial cells, damaged mesothelial

cells and inflammatory cells during peritoneal wound healing, ¥

proved to be significant
promoting factors in tumour cell adhesion tc mesothelium. Supporied by these results the
initial impetus to separate the generalised term “tumour recurrence” into the more elementary
mechanisms of tumour cell adhesion and growth was made. Both components may
contribuie evenly to successful intra-abdominat tumour recurrence and both are modified by
surgical trauma.

As mentioned before, previous experimenis showed that exposure of peritoneat cavity to
surgical gauzes, lavage solutions and glove powder traumatised the peritoneum and
promoted postoperative adhesion formation. Since subsequent data suggest that the faciors

responsible for the formation of post-surgical adhesions also play a role in the adhesion and
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growth of tumour cells fo the peritoneum we investigated whether surgical gauze and glove
powder also could induce more tumour recurrence. The studies demonstrated that surgical
Medipres gauze induced significantly more tumour ioad than non-surgical Fastsorb textile and
peritoneal application of giove powder or pure starch induced significantly more intra-
abdominal tumour load than when no powder was applied. Avoiding unnecessary
peroperative peritoneal trauma by employing gentie surgical techniques and materials is
therefore not only indicated to reduce postoperative adhesion formation but also to prevent
intra~abdominal fumour recurrence. In accordance with this goal and given the fact that non-
surgical Fastsorb textile meets important criteria for surgical purposes we again point out that
this non-abrasive textile seems a suitable substitute for surgical gauze. Intra-peritoneal
contamination with starch from starch-powdered gloves should alsc be avoided to prevent
local tumour recurrence. Since good powder-free alternatives are available there is no longer
any justification for the use of powdered gloves during intra-abdominal surgery.

Pathways of adhesion formation and intra-abdominal tumour recurrence

Since peroperative peritoneal trauma cannot entirely be prevented in practice, the need for
supplementary prophylactic measures remains urgent. Better understanding of the
underlying pathogenesis of postoperative intra-abdominal adhesion formation and peritoneal
tumour cell adhesion and growth will undoubtedly help in the development of balanced and
more effective therapeutic strategies. Cellular and soluble constituents of the peritoneal
cavity are believed to both reflect the events arising during wound healing in the peritoneal
cavity and have the potential to modulate the outcome of tissue response to injury.'® 7% As
cited hefore, preceding experiments showed that within a few hours after infliction of peritoneal
traumna tumour celf adhesion and growth promoting facters could be captivated in a peritoneat
lavage fluid and passively transferred o naive recipients. Further analysis of the fragments in
the captured lavage fluid brought forward the presence of a cellutar and soluble fraction. When
these fractions were individually injected into pristine abdominal cavities, without any form of
additional surgical trauma, both induced significantly more peritoneal tumour recurrence.
However, the effect of the soluble factors was inferior to that of the cellular fraction. More
detailed unravelling of the celiular fraction demonstrated that peritoneal trauma induces
oscillation in intra-abdominal cells. Apart from an augmented absolute cell amount, the ration
changes from primarily monocytes to mainly neutrophil granulocytes (PMN). This observation
was made during the acute phase after surgery and most likely represents the PMN influx in
response fo chemoattractant factors. The coincidence of posttraumatic intra-abdominal PMN
influx with adhesion formation and tumour cell adhesion and growth is no solid prove for the
role of PMN in these pathogenetic processes. Therefore, studies were performed fo

investigate whether we were able to prohibit postiraumatic intra-abdominal PMN influx. Intra-
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peritoneal injection of anti-neutrophil serum (ANS) indeed foiled this PMN influx in rats.
Moreover a well-balanced prevention of posttraumatic intra-abdominal PMN influx by ANS
reduces adhesion formation and local tumour recurrence significantly. Accordingly, intra-
abdominal influx of PMN after surgical peritoneal trauma plays a crucial role in postoperative
adhesion formation and in the process of adhesion and growth of spilled tumour cells. This
knowledge opens up the way to develop of novel therapeutic strategies acting subtle, in
order to prevent unwanted side effects, upon the (dis}balance of the peritoneal healing
process.

The adhesion formation and tumour recurrence promoting effect of PMN's may be based on
several characteristics of these cells. First, through PMN-cyfokine production an upregutation
of cell adhesion molecules may be induced,* * hereby facilitating adhesion of tumour celis.
In addition, cytokine activated mesothelial cells produce chemoattractants like I.-8, required
for PMN recruitment® * In this way, the mesothelium and inflammatory cells in the
abdominal cavity may perpetuate a cytokine loop, resulting in extreme activation of the
inflammatory process. Secondly, mesothelial damage may be aggravated by the
degranulation of organelles, but most likely through the production of reactive oxygen
species (ROS).” Obviously, affecting one or more of these PMN involving steps in the
cascade of deraifled peritoneal healing may lead fo the evoivement of new adhesion and

tumour recurrence preventive formulas.

Adjuvant measures to prevent adhesion foermation and tumour recurrence

Developing novel prophylaciic measures through unravelling the pathophysiologic
mechanisms of the peritoneal healing cascade is a time consuming process. in the mean
time the need to treat today's patients as good as possible remains and on that account we
analysed the effect of a known adhesion reducing fluid (Sepracoat™), ™% with also known
frammels, on fumour recurrence in vivo and tumour cell adhesion in vitro. Hyaluronic acid is a
principal ligand for CD44 which is an ubiquitous, muitistructural and multifunctional surface
adhesion molecule regulating cell-cell and cell-matrix interactions ¥ CD44 and its variants are
present on many cancer cell types and have found to be involved in focal tumour progression
and metastasis.® 3 Therefore, hyaluronic acid containing solutions theoretically may affact
local adhesion and growth of free inrta-abdominal tumour cells. The results of our experiments
demonstrate that Sepracoat™ had a small but significant inhibitory effect on the adhesion of
tumour celis to mesothelial celi menolayers in vitro. However, we were unable (o repeat these
effects in our in vivo rat models; the peroperative inoculation of SepracoatTM did not reduce nor
promote pestoperative tumour recurrence.,

To overcome a number of major disadvantages of issued absorbable barriers and viscous

barrier solutions®™ %" %7 3 glucose polymer solution already successfully and safely used in
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peritoneal dialysis was recently developed into a fluid that is absorbed only slowly, allowing
prolonged “hydroflotation” of the peritoneal cavity.” 7® With this “water” barrier technigue two
damaged peritoneal surfaces are mechanically separated during the period of mesothelial
regeneration, thereby in theory enabling the prevention of adhesion formation. In our hands
icodextrin® was found to be a well tolerated, safe and easy to use solution that effectively
reduces extent and severity of postoperative adhesion formation in rats without promoting or
inhibiting intra-abdominal tumour recurrence. Apparently it is not possible to keep free
floating tumour cells from an injured peritoneal surface by a liquid barrier in which tumour
celis suspend and stay alive, Physically, icodextrin® does not form a barrier between tumour
cells and damaged peritoneal surfaces as it does between two injured peritoneal surfaces
during the peritoneal healing process. icodextrin® seems a very promising development in
the avenue of future resaerch because next to working as an adhesion reducing adjuvant by
itself, it could also function as a long lasting carrier for other adhesion and tumour inhibiting
substances. Whether this treatment modality will proof to be effective in human remains to be

investigated but experimental studies lock promising.

Considerations for clinical applications.

Any form of peritoneai trauma is likely to cause postoperative adhesion formation and
enhance intra-abdominal tumour recurrence. The operating skill of the surgeon therefore is a
relevant factor in adhesion and tumour prognosis. Avoiding of unnecessary desiccation,
handling, clamping or suturing {ischaemia) of tissue and leaving behind as little foreign
material as possible during operative intervention are generally accepted measures for
performing surgery in a non-traumatising fashion.”® In addition, we advice surgeons to
prohibit unnecessary peroperative intra-abdominal use of surgical gauzes and if frequent or
profound use is inevitable to choose a non-abrasive textile as a substitute. Furthermore during
surgery in non-coniaminated abdominal cavities peritoneal lavage should not be performed.
And moreover since good powder-iree alternatives are available powdered gloves should not
be used during intra-abdominal surgery. Minimal invasive surgery may alsc diminish the
extent of peroperative peritoneal injury.

Stilt intra-abdominal surgery will always bring about peroperative peritoneal trauma in some
quantity at some point during operation. Adjuvant measures associated with surgical
intervention seem a logical step not only to prevent postoperative adhesions but also to avert
loco-regional tumour recurrence. At the present time, despite the great variety of agents
empioyed, none of them seems to be overwhelmingiy suitable for effective and save general
use in the humans. Although it is difficulf to manoeuvre, presently the clinically most
successful  and save anti-adhesive measure seems +fo be hyaluronic  acid

fcarboxymethylcellulose. Since it effectively reduces the severity of postoperative adhesions
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in humans and, as this thesis elaborates by animal studies, did not influence tumour
recurrence it seems recommendable to use Sepreafilm™ at least during abdominal
interventions which will be foilowed by planned relaparotomy or second look operations.
Experiments described in this thesis showed that an easy to handle new glucose polymer
solution, icodextrin®, could markedly reduce the extent and severity of postoperative
adhesion formation it rats, (unfortunately) without affecting intra-abdominal fumour
recurrence. it is too early to know whether these resuits can be repeated in humans but
further research, in the form of clinical trials, has to be executed to estimate the clinical value
of this barrier sclution.

In this thesis, one major step in the pathway of adhesion formation and peritoneal tumour
recurtence has been brought into perspective. Post-traumatic intra-abdominal PMN influx
proved to play a major role in the processes of postoperative adhesion formation and intra-
abdominal tumour recurrence. Efforts to dim the inflammatory reaction by mastering the
mediators of this process has already been suggested as adhesion and tumour recurrence
abating alternatives and these experimental results contribute to this idea. In the
development of such substrates one always has to keep in mind that the peritoneal healing
processes rely on the same biological mechanisms as adhesion formation and tumour
recurrence, thus manipulation of steps in the deraiied cascade has to be done selectively

and in moderation to prevent unwanted side effects.
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Chapter Xli

Summary and Conclusions

Postoperative adhesion formation as well as loco-regicnal tumour recurrence remain serious
complications of potentially curative surgical intra-abdominal interventions. For neither
problem clinically relevant curative treatment modalities are available yet. Although
understanding of the pathogenesis of adhesions and local tumour recurrence has improved
recently, the molecular mechanisms involved still need o be delineated. Adhesion formation
and adhesion-free reepithelialisation are alternative pathways of the cascade of the
peritoneal defence after peritoneal trauma and we assume the same cascade plays a role in
the process of tumour recurrence. The studies described in this thesis were aimed at
unravelling the correlation between surgical peritoneal trauma and the process of
postoperative adhesion formation and intra-abdominal tumour recurrence.

The only consensus concerning the prevention of postoperative adhesions is the avoidance
of peroperative damage to the peritoneurn through the use of meticulous surgical techniques.
Subsequently, we also fred to identify whether, besides generally accepted traumatic
elements and actions, agents like surgical gauze, lavage solutions and giove powder, not yet
generally considered as traumatic for the peritoneum and commonly used in surgical
practice, were traumatic and could consequently cause adhesion formation and ocal tumour
recurrence. Better understanding of the underlying pathogenesis of both processes is a
prerequisite to rational prophylaxis and therapy of both surgical complications.

Further experiments laid down in this thesis aimed at studying which surgery related factors
affected adhesion formation, tumour cell adhesion and/or growth and consequently tumour
recurrence. One aspect of the peritoneal response to surgical trauma was highlighted with
the intention to discover whether this part of the cascade could be used for specific
therapeutical alternatives. The [ast experiments appointed in this thesis aimed at e valuating
the capacity of a nhew glucose polymer solution, icodextrin®, in reducing adhesion formation
and the capacity of Sepracoat™ and icodextrin® to modify adhesion and growth of free intra-
abdominat tumour cells.
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Chapter 1 describes postoperative adhesions as a long term and unpredictable
problem causing impressive morbidity and even mortality, with great impact in surgical
workload and hospital resources, resulting in considerable health care expenditures. An
overview is given of the pathophysiology of the local peritoneal defence cascade following
peritoneal trauma, sometimes leading to adhesion formation, and of the literature on
adhesion preventive measures interfering with one or several steps in this dynamic process
of peritoneal healing. Peritoneal dissemination is a common cause of post-surgical tumour
recurrence after potentially curative resection of gastro-intestinal adenocarcinomas. The
theoretical similarities in the pathogenesis of the process of intra-perifoneal tumour
recurrence and the process of adhesion formation are discussed.

in Chapter 2, the aims of this dissertation are presented.

Chapter 3 describes the development of a reproducible rat model allowing
semiquantitative and qualitative scoring of adhesions. Experiments using this model
demonstrated that the infliction of minimal peritoneal trauma resulted in a significantly lower
adhesion percentage than the infliction of moderate or severe peritoneal trauma. Adhesions
formed after severe and moderate trauma of the peritoneum were dense and thick and could
be classified as Ziihkke type 2-3, while adhesions formed after minimal trauma of the
peritoneum were filmy and could be classified as Ziihike type 1-2. Rubbing of the peritoneum
with surgical gauze after infliction of minimal peritoneal trauma did induce significantly extra
adhesion formation. After infliction of minimal peritoneal trauma, rubbing with surgical gauze
did produce significantly more adhesions than rubbing with non-surgical textile. Moreover,
rubbing the peritoneum with non-surgical textile after infliction of minimal peritoneal trauma

did not cause additional adhesion formation at ail.

Chapter 4 presents the results of studies evaluating the influence of peroperative
tavage of the abdominal cavity with RPMI medium, NaCl 0.9%, polyvinylpyrrolidone iodine
1% (PVP-l), Viaspan and chlorhexidine 0.02% on postoperative adhesion formation. They
show that peritoneal lavage of areas with ischaemic injury was associated with significantly
increased adhesion formation. Aggressive (chlorhexidine 0.02%) as well as non-aggressive
(RPMI, NaCl 0.9%, PVP-I and Viaspan) solutions engendered adhesions. Peritoneal lavage
with aggressive solutions promoted adhesion formation significantly more than lavage with
non-aggressive solutions.

Chapter 5 portrays the development of a reproducible rat tumoeur adhesion and growth
model, analogous to the rat adhesion model, allowing semiquantitative scoring of tumour
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load. This model was employed to test the metastatic efficiency and the tumour cell
entrapment hypothesis. The displayed results clearly point out that a similar correlation exists
between local tumour recurrence and petitoneal trauma as between adhesion formation and
peritoneal trauma. Tumour load at directly and not directly traumatised remote peritoneal sites
was significantly higher after severe trauma than following moderate or minimal trauma of the
peritoneum. In addition, a significant correlation between the degree of peritoneal trauma and
the growth of "ectopic”™ tumours, situated under the renal capsule, was observed during
experiments using a previously developed sub-renal capsule assay. Moreover, within a few
hours after infliction of peritoneal traurna tumour c¢ell adhesion and growth promoting effects
could be captivated in a lavage fluid and be passively transferred to naive recipients. In these
experiments severe peritoneal frauma was inflicted by rubbing the peritoneal surface with
surgical Medipres gauze.

The experiments laid down in Chapter 6 investigate whether the well-known
adhesion provoking effect of glove powder could be reproduced in our rat adhesion model
and whether glove powder also promotes intra-abdominal tumour recurrence in our rat
tumour cell adhesion and growth model. Local application of glove powder or pure starch on
minimally and severely traumatised peritoneum gave rise to a significantly higher percentage
of adhesion formation than infliction of peritoneal trauma alone. Peritoneal application of
glove powder or pure starch induced significantly more intra-abdominal tumour load than
when no powder was applied.

The studies in Chapter 7 focussed on further analysing the surgery related factors in
the abdominal cavity that could be captivated in a favage fluid and enhance tumour recurrence
in naive recipients. Lavage fluids collected after trauma could be separated in a cellular and
supematant component, the latter containing soluble factors. Intra-peritoneal injection of naive
recipients with both components resulted in statistically significant more tumour recurrence than
injection with RPMI, The cellular component of the post-surgical inflammatory process was the
most potent stimulator of tumour recurrence. Cytokines and growth factors also enhanced
turmnour load but played an inferior role. In vitro tumour cell adhesion to the mesothelium was not
affected by soluble factors in the lavage fluid. Analysis of the cellular part of the lavage fluid,
gathered after minimal or severe peritoneal trauma, demonstrated a significant influx of
neutrophils {PMN} after infliction of severe peritoneal frauma. No differences in intra-abdominal
cytokine concentrations were detected in mildly or severely fraumatised rats. However, elevated

concentrations of IGF-1 were detected in the abdomens of severely traumatised animals.
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In Chapter 8 the question is addressed whether the observed coincidence of post-
fraumatic intra-abdominal PMN influx and the processes of adhesion formation and local tumour
recurrence are causally related. Experimental results again exposed that infliction of
peritoneal trauma provokes a significant intra-abdominal PMN infiux during a period of ai
least 36 hours post-trauma. This influx could be prevented by treatment with anti-neutrophil
serum (ANS, 3 and 1 dose). Averting the post-traumatic intra-abdominal PMN influx by
injection of 3 doses of ANS significantly reduced adhesion formation. Yet, treatment with 3
doses of ANS did not decrease local tumour recurrence, on the contrary it significantly
increased tumour recurrence. This was probably the consequence of immunosuppression,
induced by 3 doses of ANS decreasing the blood lymphocyte, monocyte and PMN counts,
which does not have an effect on adhesion formation but conceivably does promaote tumour
growth. Therapy with 1 dose of ANS did annul the post-traumatic PMN influx more selectively
than 3 doses since it only affected blood PMN counts and did not influence biood lymphocyte
and monocyte count. More selective prevention of post-traumatic PMN influx significantly
lowered tumour cell adhesion and growth.

Chapter 9 elaborates on the issue of Sepracoat™ and postoperative intra-abdominal
adhesion and growth of free intra-peritoneal tumour cells. Sepracoat™ had a small but
significant inhibitory effect on the adhesion of CC531 tumour cells to mesothelial cell
monoclayers in vitro. However, we were unable to repeat these results in our in vivo rat models,
the peroperative inoculation of Sepracoat™ did not reduce postoperative fumour load at directly
or indirectly fraumatised peritoneal surfaces. If anything, Sepracoat™ seemed to enhance
tumour cell adhesion to traumatised peritoneal sites, however these differences were not

statistically significant.

Chapter 10 deals with the way a new glucose polymer solution, icodextrin®, sways
the processes of postoperative adhesion formation and local tumour recurrence.
Peroperative intra-abdominal administration of icodextrin® after infliction of surgical peritoneal
trauma significantly decreased the exient and severity of found adhesions. Treatment with
icodextrin® did not prevent nor promote intra-peritoneal tumour cell adhesion and growth of

free intra-abdominal tumour celis.

Chapter 11 includes the general discussion of this thesis. The results of the
presented studies and the putative explanations for the findings are debated and possible

considerations for clinical implications are postulated.
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Conclusions

*

The degree of peroperative peritoneal itrauma correlates with the extent of
postoperative adhesion formation. (Chapter 3)

The degree of peroperative peritoneal trauma correlates with the extent of intra-
abdominal tumour cell adhesion and growth. (Chapter 5)

Standard surgical gauze is traumatic to the peritoneum and promotes adhesion
formation and local tumour cell adhesion and growth. {Chapter 3 and 5)

The non-abrasive textile Fastsorb meets important criteria for surgical swabs, is hardly
traurnatic to the peritoneum and consequently induces less adhesions and turmour cell
adhesion and growth than standard surgical gauze. (Chapter 3 and 5)

Lavage solutions are traumatic to the peritoneum and promoie adhesion formation.
{Chapter 4)

Glove powder is traumatic {o the peritoneum and promotes adhesion formation and
tumour cell adhesion and growth. (Chapter 8)

Inflammatory cefls {mainly PMN), present in the abdominal cavity after surgical
peritoneal trauma, promote tumour celi adhesion and growth. (Chapter 7}

Cytokines and growth factors, present in the abdominal cavity after surgical peritoneal
trauma, promote tumour cell adhesion and growth. (Chapter 7)

Post-traumatic intra-abdominal neutrophil (PMN} influx is an important factor in the
derailment of the dynamic cascade of peritoneal defence and preventing this influx
reduces postoperative adhesion formation and tumour cell adhesion and growth.
{Chapter 8)

The hyaluronic acid solution Sepracoat™ reduces tumour cell adhesion to
mesothelium in culture but has no effect on intra-abdominal tumour cell adhesion and
growth. (Chapter 9)

A new glucose polymer, icodextrin®, reduces postoperative adhesion formation very
effectively but does not affect intra-abdominal tumour cell adhesion and growth,
{Chapter 10)
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Chapter XIli

Nederlandse Samenvatting

in dit proefschrift wordt nader ingegaan op het verschijnsel van postoperatieve
adhesievorming en het lokaal in de buik (intra-abdominaal} terugkomen (recidiveren) van
verwijderde kwaadaardige maagdarm tumoren. Adhesies zijn verklevingen tussen twee
buikvlies oppervlakken welke normaliter niet met elkaar verbonden zijn. Adhesievorming
ontstaat na bijna iedere huikoperatie en veroorzaak! meestal geen klachten. Toch kunnen
adhesies leiden tot een aantal ernstige complicaties zoals darmobstructies, welke vaak acuut
opnieuw operatief ingrijpen vereisen, onvruchtbaarheid bij vrouwen en chronische
buikpijnktachten. Deze complicaties hebben niet alleen klinische- maar ook grote financiéle
gevolgen.

Postoperatieve adhesievorming is een dynamisch proces, een cascade van opeenvolgende
gebeurtenissen, wat optreedt na beschadiging (trauma) van het buikvlies (peritoneum).
Alhoewel we deze cascade nog niet volledig begrijpen, is wel bekend dat het een
ontregeling betreft van het normale verdedigingsmechanisme dat zorgt voor wondheling van
beschadigde peritoneale oppervliakken. Een groot aantal therapeutische mogelijkheden, dat
aangrijpt op verschillende niveaus in de cascade van adhesievorming, heeft zijn klinische
relevantie tot nu toe nog niet bewezen. Er bestaat dus nog geen algemeen geaccepteerde
behandeiing ter voorkoming van adhesies en hun complicaties.

Operatieve behandeling van tumoren in het maagdarmkanaal wordt vaak gecompliceerd
door het terugkomen van kanker in de buik {loco-regionale tumor recidivering). Be “tumor cell
entrapment hypothese” zou het patroon van falen van de chirurgische therapie, leidend tot
deze locale recidieven, kunnen verklaren. Bij deze hypothese zouden tijdens de operatie
tumorcelflen in de buikholte lekken uit de door de chirurg doorgesneden lymfebanen van het
uitgenomen weefsel. De vrijgekomen tumorcellen zouden vervolgens op het peritoneum
aanhechten en uitgroeien. De aanhechting (adhesie} van tumorcellen zou gemakkelijker
plaatsvinden op beschadigde peritoneale oppervlakken. Theoretisch zou het proces van
aanhechting van gespilde tumorcellen kunnen worden gestimuleerd door dezelfde cascade
als het hierboven beschreven proces van adhesievorming van tijdens de operatie

(peroperatief) beschadigde peritoneale opperviakken. De studies beschreven in dit
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preefschrift hebben het doel de mogelijke correlatie tussen chirurgisch peritoneaal trauma en
de processen van adhesievorming en tumor recidivering te analyseren.

De enige effectieve therapeutische mogelijkheid ter voorkoming c.q. vermindering van
postoperatieve adhesievorming is het zoveel mogeliik voorkomen van peroperatief
peritoneaal trauma. Het laten uitdrogen van het peritoneum, onnodig plaatsen van kiemmen
en hechtingen en het achterlaten van vreemd lichaamsmateriaal wordt algemeen beschouwd
als traumatisch voor het peritoneum. Dit dient dus zoveel mogelik te worden vermeden
tijdens buikoperaties. Voor dit proefschrift zijn experimenten opgezet die onderzoeken of
veel bii operatie gebruikte en niet aigemeen als traumatisch voor het peritoneum geachte
materialen zoals chirurgische gazen, spoelvioeistoifen en handschoenenpoeder wellicht cok
adhesievorming en tumorcel adhesie en groei kunnen bevorderen.

In dit proefschrift wordt verder bestudeerd welke factoren in de buik geproduceerd worden na
beschadiging van het peritoneum, en welke van deze factoren een belangrijke rol spelen bij
het ontstaan van postoperative adhesies en tumor recidivering. Op één facet van deze
peritoneale respons op trauma wordt dieper ingegaan. Het is de bedoeling om te ontdekken
of door ingrijpen op dit niveau van de helingscascade, adhesievorming en tumor recidivering
kunnnen worden voorkomen. Dit ingrijpen dient dan wel te gebeuren zonder het peritoneale
genezingsproces te beinvioeden omdat anders ernstige bijwerkingen zouden kunnen
optreden.

De in dit proefschrift als laatste beschreven experimenten evaiueren de preventieve
capaciteit van een nieuwe glucose polymeer oplossing, icodextrin® ten aanzien van
adhesievorming. Voorts worden de mogelijkheden bestudeerd om met Seprecoat™ en

icodextrin® de adhesie en groet van vrje in de buikhoite aanwezige tumorcelien te
vaorkomen.

Hoofdstuk 1 geeft een samenvatting van literatuur gegevens over de incidentie, de
klinische- en financiéle consequeanties, de eathiologie, de pathophysiologie, de behandeling

en de preventie van postoperatieve adhesievorming en locoregionale tumor recidivering.
in Hoofdstuk 2 worden de doelstellingen van dit proefschrift gepresenteerd.

Hoofdstuk 3 beschriift de ontwikkeling van een reproduceerbaar proefdier modet
waarin semi-kwantitatieve en kwalitatieve beoordeling van adhesievorming mogeliik is. Met
behulp van dit model kon worden aangetoond dat er een relatie bestaat tussen de intensiteit
van peritoneaal trauma en de mate van adhesievorming; aanbrengen van ernstig trauma
resulteerde in een significant hoger adhesie percentage dan aanrichten van minimaal

trauma. Adhesies die ontstaan na ernstig trauma waren dikker en steviger dan adhesies die
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onistaan na minimaal trauma. In hetzelfde proefdier model werd vervolgens ook aangetoond
dat intra-abdominaal gebruik van ruw chirurgisch gaas schadelijker is voor het peritoneum en
tot significant meer adhesievorming leidt dan gebruik van een zachter gaas afkomstig uit de
elektronica industrie. Het bleek zelfs dat minimaal peritoneaal trauma dat werd vercorzaakt

door schuren met het zachtere gaas, helemaat niet leidde tot additionele adhesievorming.

Hoofdstuk 4 laat de resultaten zien van experimenten die het effect van
verschillende spoelvioeistoffen op het peritoneum onderzoeken. Peroperatief spoelen van de
buikholte met RPMI, NaCl 0.9%, polyvinvipyrolidone iodine 1% (PVP-l), Viaspan en
chicorhexidine 0.02% beschadigt het peritoneum zodanig dat het postoperatieve
adhesievorming bevordert. Peritoneale spoeling van minimaal getraumatiseerde buikholtes
met agressieve oplossingen bracht significant meer, dikkere en steviger adhesies teweeg

dan lavage van minimaal getraumatiseerde buikholtes met minder agressieve oplossingen.

Hoofdstuk § beschrijft de ontwikkeling van een tweede reproduceerbaar prosfdier

model, analoog aan het ratten adhesiemodel. In dit model is een semi-kwantitatieve
beoordeling van intra-abdominale tumor deposities mogelijk. Hiermee werd de correlatie
tussen de intensiteit van peritoneaal frauma en de mate van tumor recidivering
gedemonstreerd; op de plaatsen waar het peritoneum het meest werd beschadigd, werd een
significant grotere tumor depositie aangetroffen dan op peritoneaie opperviakken die minder
ernstig werden beschadigd. Nog opmerkelijker was dat er ook op de niet direct beschadigde
peritoneale oppervlakken meer tumor depositie werd gevonden in ernstig getraumatiseerde
buikholtes dan in minimaal getraumatiseerde buikholtes.
Met behulp wvan een eerder ontwikkeld reproduceerbaar preefdier moedel, waarin
kwantitatieve beoordeling van de groei van buiten de buikholte gelegen tumoren mogeliik is,
kon worden aangetoond dat de mate van groei van deze tumoren correleert met de
intensiteit van aangebracht peritoneaal trauma. Het Hjkt dan ook dat factoren die
geproduceerd worden na een chirurgisch trauma van het peritoneum niet alleen locaal (in de
buik), maar ook op afstand een tumor stimulerend effect hebben. Resultaten uit volgende
experimenten toonden aan dat deze in de buikholte vrijkomende factoren kenden worden
gevangen in een vioeistof waarmee men de buik na het aanbrengen van peritoneaal frauma
spoeide. Wanneer deze vioeistof nu samen met tumorcellen in buiken van niet geopereerde
naieve proefdieren werd ingespoten, stimuleerde dit tumorcel adhesie en groei op de niet
beschadigde peritoneale opperviakken. De mate van ifumor depositie in deze niet
geopereerde proefdieren hing zelfs samen met de intensiteit waarmee het peritoneum van
het “donordier” werd baschadigd.
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in studies vastgelegd in Hoofdstuk 6 is onderzocht of het "bekende” adhesie
provocerende effect van handschoenpoeder kon worden gereproduceerd in ons proefdier
adhesiemodel en of handschoenpoeder ook recidivering van intra-abdominale tumoren
veroorzaakt. Locale applicatie van handschoenpoeder of puur zetmeel op minimaal- en
ernstig getraumatiseerd peritoneum deed een significant hoger percentage adhesies
ontstaan dan aanbrengen van peritoneaal trauma alleen. Het aanbrengen van
handschoenpoeder of puur zetmeel op het peritoneum induceerde ook een significant

hogere tumor recidivering in de buikholte dan wanneer geen poeder was achtergelaten.

Experimenten beschreven in Hoofdstuk 7 zijn gericht op verdere analyse van
chirugie-gerelateerde factoren die na peritoneaal trauma in de buikholte geproduceerd
worden. Het bleek dat niet alieen de spoel-oplossing in zijn geheel maar ook zijn gescheiden
componenten tumor recidivering kon bevorderen. Oplosbare factoren en ontstekings
(inflammatoire) cellen konden ieder individueel, wanneer zij samen met fumorcellen in de
buikholtes van niet geopereerde ontvangers werden ingespoten, significant meer intra-
abdominale tumor deposities vercorzaken dan wanneer alleen fumorcelien werden
geiniecteerd. De cellulaire component stimuleerde de tumorcel adhesie en groei significant
meer dan de vioeistof die alleen oplosbare factoren bevat. Analyse van de cellulaire
component liet zien dat peritoneaal trauma een significante influx van neutrofielen
granulocyten (PMN) in de buikholte veroorzaakt. In het oplosbare deel van de spoel-
oplossing waren acute fase pro-inflammatoire cytokines, chemokines en groeifactoren
waarneembaar.

in Hoofdstuk 8 wordt de vraag gesteld of de geobserveerde coincidentie van post-
traumatische influx van neutrofielen in de buikholte en post-traumatische adhesievorming en
tumor recidivering ook betekent dat neutrofile granulocyten een hoofdrol spelen in het proces
van adhesievorming en van adhesie en groei van tumorcellen. Experimentele resultaten
lieten opnieuw zien dat peritoneale schade, gedurende minstens 96 uur na het trauma, een
hoog aantal intra-abdominale neutrofielen bewerkstelligt. Deze post-traumatische PMN influx
kon worden voocrkomen door het intra-abdominaal toedienen van selectieve antilichamen
tegen PMN (ANS). Verhindering van post-traumatische PMN influx door inspuiten van 3
doses ANS verminderde postoperatieve adhesievorming significant. Daarentegen
reduceerde een behandeling met 3 doses ANS de tumor recidivering niet. Het bleek zelfs dat
de behandeling met 3 doses ANS de tumor recidivering significant induceerde. Dit was
waarschijnlijk de consequentie van immuunsuppressie omdat injectie van 3 doses ANS
gepaard ging met een significante daling van het aantal lymfocyten, monocyten en

neutrofielen in het bloed. Behandeling met één dosis ANS voorkwam de post traumatische
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PMN influx meer selectief. Hierdoor daalden alleen de neutrofielen in het bloed nog licht.
Deze meer selectieve preventie van post-traumatische PMN influx ging gepaard met een

significante vermindering van post-traumatische tumorcel adhesie en groei.

In Hoofdstuk 9 wordt de adhesiepreventieve gel Sepracoat™ getest op haar
vermogen om tumorcel adhesie en groei na operatief ingrijpen te beperken. Sepracoat™ had
een minimaal maar significant remmend effect op de aanhechting van tumorcellen op
mesotheelcellen {buikvliescellen) in kweek. Echier, dit effect van Sepracoat™ kon niet
worden gestaafd met resultaten verkregen uit in vivo studies; wanneer Sepracoat™
peroperatief in de buikholte werd aangebracht had dit geen inviced op postoperatieve tumor
depositie op direct en indirect getraumatiseerd peritoneum.

in Hoofdstuk 10 worden de resultaten gepresenteerd van experimenten die het
effect van een nieuwe glucose polymeer oplossing op adhesievorming en tumor recidivering
evalueren. Na aanbrengen van ernstig peritoneaal trauma reduceerde het in de buikholte
achterlaten van icodextrin® de omvang en de ernst van postoperatieve adhesies significant.
Behandeling van ernstig getraumatiseerde buikholtes met icodexérin® had noch een
remmend noch een stimulerend effect op tumorce! adhesie en groei van vrij in de buikholte

aanwezige tumorcelien.

Met de algemene discussie in Hoofdstuk 11 wordt dit proefschrift besloten. Het
geeft een overzicht van de resultaten van de in deze dissertatie gepresenteerde studies,
bediscussieert deze resultaten tegen het licht van andere in de literatuur beschreven data
over dit onderwerp, bespreekt de mogelijke klinische gevolgen en toepasbaarheid van de
resultaten en geeft suggesties voor verder onderzoek. Het is belangrijk dat, zolang nog geen
klinisch toepasbare preventieve mogelijkheden zonder bijwerkingen bestaan wvoor
postoperatieve adhesievorming en tumor recidivering, het experimenteel onderzoek wordt
voortgezet en de resultaten hiervan getest worden in prospectief gerandomiseerde klinische
triats.

Conclusies

*  De intensiteit van peroperatief aangericht peritoneaal trauma correleert met de mate en
ernst van postoperatieve adhesievorming.

De intensiteit van peroperatief aangericht peritoneaal trauma correleert met de mate van
intra-abdominale tumorcel adhesie en groei en dus met de mate van locale tumor

recidivering.
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Standaard chirurgisch buikgaas is traumatisch voor het peritoneum en stimuleert
postoperatieve adhesievorming en intra-abdominale tumor recidivering.

Zacht textiel afkomstig uit de elektronica industrie voldoet aan belangrijke eisen voor
chirurgisch buikgaas, 15 nauwelijks traumatisch voor het perifonreum en induceert dus
minder adhesievorming en tumor recidivering dan standaard chirurgisch gaas.
Spoelvloeistoffen zijn traumatisch voor het peritoneum en stimuleren postoperatieve
adhesievorming en intra-abdominale tumor recidivering.

Handschoenpoeder is traumatisch voor het peritoneum en stimuleert postoperatieve
adhesievorming en intra-abdominale tumor recidivering.

Neutrofiele granulocyten, geproduceerd in de buikholte na peritoneaal trauma, stimuleren
tumorcet adhesie en groek.

Cytokines en groei factoren geproduceerd in de buikholte na peritoneaal trauma,
stimuleren tumorcel adhesie en groei.

Post-traumatische intra-abdominale neutrofiele granufocyten influx speeli een belangrijke
rol bij de ontsporing van de dynamische perifoneale verdedigings cascade en het
verijdelen van deze influx reduceert postoperatieve adhesievorming en fumorcel adhesie
en groei.

De hyaluronzuur oplossing Sepracoat™ reduceert tumorcel adhesie op mesoctheelcellen
in kweek, maar heeft geen invloed op infra-abdominale tumorcel adhesie en groei.

Een nieuwe glucose polymeer oplossing, icodextrin®,  reduceert postoperatieve
adhesievorming maar heeft geen invioed op intra-abdominale tumorcel adhesie en groei.
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LIST OF ABBREVIATIONS

ANOVA
ANS
bFGF
BSA
CAPD
CD
ECM
EDTA
EGF
ELISA
FCSs
HA

MCP
NSAID's
PAA
PAl
PBS
PBGF
PMN
PG
PVP
ROS
RPMI
sSD
TGF
TNF
t-PA
rt-PA
u-PA

analysis of variance

anti-neutrophil serum

basic fibroblast growth factor

bovine serum albumin

continuous ambulatory peritoneal dialysis
cluster of differentiation

extra cellular matrix
ethylenediaminstetraacetic

epidermal growth factor

enzyme linked immuno sorbent assay
foetal calf serum

hyaiuronic acid

hematoxilin eosin

inter cellular adhesion molecule
immunoglobulin

insulin-like growth factor

interleukin

lactate dehydrogenase

monocyte chemotactic protein
nonsteroidal anti-inftammatory drugs
plasminogen activator activity
plasminogen activator inhibitor
phophate buffered saline

platetet derived growth factor
polymorph neuclear leucocytes
prostaglandins

polyvinytpyrolidine iodine

reactive oxygen species

Rosewall Park Memorial Institute medium
standard deviation

transforming growth factor

tumour necrosis factor

tissue-type plasminogen activator
recombinant tissue-type plasminogen activator

urckinase-type plasminogen activator

187






PUBLICATIONS AND AWARDS
Publications related to this dissertation

Tol van den MP, Stijn van |, Bonthuis F, Marquet RL, Jeekel J. Reduction of intra-peritoneal
adhesion formation by use of non-abrasive gauze. BrJ Surg 1997; 84: 1410-1415.

Tol van den MP, Rossen van MEE, Eijck van CHJ, Bonthuis F, Marquet RL., Jeekel J.
Reduction of peritoheal trauma by using non-surgical gauze leads to less implantation
metastasis of spilled tumour cells. Ann Surg 1998; 227(2): 242-248.

Marquet RL, Rossen van MEE, Tol van den MP, Bonthuis F, Haverlag R, Jeekel J. Can
exposure to latex cause adhesion formation? Aflergy 1998; 53: 1229-1230.

Westreenen van M, Tol van den MP, Pronk A, Marquet RL, Jeekel J, Leguit P. Peroperative
lavage promotes intra-peritoneal adhesion formation in the rat. Eur Surg Res 1999; 31(2):
196-201.

Haverlag R, Rossen van MEE, Tol van den MP, Bonthuis F, Marquet RL, Jeeket J.
Hyaluronate-based coating solution for prevention of surgical adhesions has no major effect
on adhesion and growth of intra-peritoneal tumour cells. Eur J Surg 1999; 165: 791-795.

Rossen van MEE, Hofland LJ, Tol van den MP, Keetsveld van PM, Jeekel J, Marquet RL, Eijck
van CHJ. Effect of inflammatory cylckines and growth factors on tumour cell adhesion to the
peritoneurn. J Path 2001; 193: 530-537.

Tol van den MP, Haverlag R, Rossen van MEE, Bonthuis F, Marquet RL, Jeekel J. Glove
powder not only provokes adhesion formation but also facilitates tumour cell adhesion and
growth. BrJ Surg 2001; 88; 1258-1263.

Tol van den MP, Marquet RL, Rossen van MEE, Grevenstein van WMU, Eijck van CHJ,
Jeekel J. Remming van intra-abdominale neutrofielen influx na peritoneaal trauma reduceert

adhesievorming en tumor recidivering. Ned Tijdschr Heelk in press.
Rossen van MEE, Tol van den MP, Aalbers AGJ, Hofland LJ, Koetsveld van PM, Bonthuis F,
Jeekel J, Marquet RL, Eiick van CHJ. The inflammatory sequelae of surgery provoke enhanced

tumour recurrence; a crucial role for neutrophils and cytokines. Submitted for publication.

189



Tol van den MP, Rossen van MEE, Grevenstein van WMU, Eijck van CHJ, Marguet RL,
Jeekel J. Reduction of intra-abdominal influx of neutrophils after surgical peritoneal trauma

inhibits adhesion formation and local tumour recurrence. Submitted for publication.

Tol van den MP, Grevenstein van WMU, Marquet RL, Jeekel J. icodextrin® is a potent
inhibitor of postoperative adhesion formation in rats but does not affect infra-abdominal

tumour cell adhesion and growth. Submitied for publication.
Awards related to this dissertation

1996 Nomination excellent paper session by the Dutch Society for Surgery.
2001 The hest poster award by the Dutch Society for Surgery.

Other publications

Marquet RL, Stijn van |, Tol van den MP, Bonthuis F, Yannoutsos N, [Jzermans JNM. Human
CD486 but not CD59 in transgenic mice protects against hyperacute rejection evoked by ex-
vivo perfusion with human serum. Transplant Proceed 1997, 29: 931-932,

_Luijendijk RW, Hop WCJ, Tol van den MP, Lange de DCD, Braaksma MMJ, LJzemans JNM,
Boelhowwer RU, Vries de BC, Salu MKM, Wereldsma JCJ, Bruijninckx CMA, Jeekel J. A
comparison of suture repair with mesh repair for incisional hermia. N Engl J Med 2000; 343: 392-
398.

Luijendijk RW, Riet van 't M, Hop WCJ, Tol van den MP, Lange de DCD, Braaksma MMJ,
IJzermans JNM, Boelhouwer RU, Vries de BC, Salu MKM, Wereldsma JCJ, Bruininckx
CMA, Jeekel J. Littekenbreukcorrectie met mat: de nieuwe gouden standaard? Ned Tijdschr
Geneeskd 2001; 145 (34): 1642-1646.

Vrijland WW, Tol van den MP, Hop WCJ, Busschbach JJV, Lange de DCD, Luijendik RW,

Geldere van D, Rottier AB, Vegt PA, 1Jzermans JNM, Jeekel J. A randomised clinical trial of

non-mesh versus mesh repair of primary inguinal hernias. Br J Surg in press.

190



DANKWGCORD

Tenslotte zou ik mijn dank willen uitspreken aan allen die de realisatie van dit
wetenschappelijk werk mogelijk hebben gemaakt. Zonder de illusie te hebben volledig te

kunnen zijn, wil ik de volgende personen in het bijzonder noemen:

Prof.dr. J. Jeekel: U bent de intellectuele inspirator achter dit proefschrift. Uw optimisme,
criginaliteit, enthousiasme, verirouwen en directe begeleiding cregerden de
randvoorwaarden binnen welke ik op mijn eigen manier, zelfstandig en met heel veel plezier
aan deze dissertatie heb kunnen werken. Gelukkig verloor u dit vertrouwen niet toen mijn
onderzoeksactiviteiten tijdens mijn perifere opleidingsjaren op een laag pitie kwamen te
staan en kreeg ik bij terugkomst in Rotterdam volop de gelegenheid om het onderzoek
opniguw op te pakken en af te ronden. Ik heb zowel op wetenschappelijk als op diplomatiek
gebied veel geleerd van onze, vaak “multiculturele”, werkbesprekingen. Hopelijk stoorde ik u
nooit echt als ik u kwam storen. Het is een voorrecht u als mijn promotor te mogen hebben.
Dr. R.L. Marquet: Richard, zoender jou had ik er niet over gedacht om mijn wetenschappelijke
activiteiten werkelijk te laten resulteren in een dissertatie. Het verrichten van experimenten
en organiseren van Klinische trials was voor mij lange tijd het leukste, en enige wat ik op
onderzoeksgebied dacht te kunnen. Jif overtuigde mij ervan dat ik ook kon schrijven, in de
locp van de tijd ging dat zelfs steeds beter en werd het leuker! Ook het houden van
presentaties heb ik dankzij jou onder de knie gekregen. Ik vind het echter nog steeds moeitijk
als jij niet in de zaal zit voor de "mental support’. Je idee&n, je steun, je geduld, je niet
afiatende interesse voor mijn (onderzoeks) werk en de dingen daaromheen, je luisterend oor
en ons eindeloos geklets over wetenschap, chirurgie en niet gerelateerde zaken waardeer ik
zeer en ik hoop dat de voltooiing van dit proefschrift niet betekent dat dat er straks allemaal
niet meer zal zijn. Ik voel me vereerd dat ik ie laatste “co-promotor project” mocht zijn.

Fred Benthuis: Je leerde Hise van Stijn en mij de kneepjes van in vivo research en het
microchirurgisch cpereren. Bedankt voor het mee-opereren van de honderden ratten en de
heerlijke lunches. Ratten zijn banger veor mij dan ik voor hen.

Dr. W.C.J. Hop: Dank voor uw adviezen betreffende de statistische bewerking.

Anneke van BDuuren: Je was niet alleen de beste datamanager die ik me had kunnen wensen
bij het codrdineren van de klinische trials, je was ook een onontbeeriifke leermeester op
computergebied. Zonder jouw had ik de statistische adviezen van dr. Hop niet in de praktifk
kunnen toepassen.

Alle medewerkers en collegae op het Laboratorium voor Experimentele Chirurgie en met

name mijn kamergenoten Mirjam de Jong, Eric Hazebroek, Martiine van 't Riet en Conny

191



Vollebregt: de goede sfeer en vele koppen koffie creéerden een zeer stimulerende

werkomgeving. Midam, computers en ander technisch vernuft ziin inderdaad echt leuk.

De chirurgische staf en assistenten van het Academisch Ziekenhuis Dijkzigt wil ik bedanken
voor hun medewerking in de periode dat de afronding van miin dissertatie parallel liep met
mijn klinische werkzaamheden.

Prof.dr. H.J. Bonjer, Prof.dr. H.A. Verbrugh en Prof.dr. R.P. Bleichrodt wil ik bedanken voor
hun grondige, kritische en snelle becordeling van het manuscript. Prof.dr. R. Benner, Prof.

dr. JM.B.Z. Trimbos en dr. P. Leguit dank ik voor het plaatsnemen in de promotiecommissie.

Elma van Rossen en Helma van Grevensiein: Veel van het in dit proefschrift beschreven
werk hebben we samen uitgevoerd. Jullie kennen als geen ander de frustraties die het leven
als onderzoeker 60k kent, en juist onze gezamenlijke inspanningen en discussies brachten
oplossingen. Elma, ik vraag me nog steeds af wie van ons de grootste “bitch” is. Helma, ik
verwacht dat je het schrijven van een dissertatie (de derde in deze onderzoekslijn) tot een
goed einde zult brengen. 1k ben blij dat juillie niet alleen collega’s en vriendinnen maar ook
mijr paranymphen willen zijn en hoop dat we in de toekomst als collega-chirurgen opnisuw
samen zulien werken.

Lida Bakema: Lieve Lida, je hebt me geleerd altijd weloverwogen zelf mijn eigen keuzes te
maken en volledige verantwoordelijkheid voor die keuzes te dragen. Hierdoor heb je mij het
verfrouwen e¢n inzicht gegeven om zelfstandig te kunnen en willen functioneren binnen en
buiten mijn werk. Gelukkig heb ik ook neg wat van die grijze cellen van je geérfd, anders was
het me nog noaoit getukt om mijn onvermoede capaciteiten in mijn voordeel te benutten en
{onder andere) deze dissertatie te schrijven. Dankzij de vrijheid die je me gaf en de
onvoorwaardelijke steun die ik van je kreeg kon ik worden wat en wie ik zelf wilde zijn. Het
zal altijd zo blijven; mijn moeder is mijn beste viendin.

Opa en oma Bakema: Lieve opa en oma dank voor jullie continue liefde, steun, interesse en
verzorging. In Bargen was het altijd vakantie in eigen land, kon ik in de zon komen uitrusten
en inspiratie opdoen. Oma, sorry dat dit nist op tiild af was. Opa, bedankt voor je beoordeling
van de Nederlandse samenvatting.

Schoonfamilie, met name de collegae aan de andere zijde van het groene doek Toine, Ay
Yin en Han, zie je wel dat chirurgie best interessant kan zijn en dat ook wij kunnen
nadenken!

182



Chris Lim: Lieve Chris, ondanks dat je, tegen een ieders wens in, absoluut geen arts wilde
worden, ben je er wel mee getrouwd en word je alsnog medisch onderbouwd. Je eeuwige
geduld wordt beloond, het proefschrift is af, je kan weer achter je eigen computer
plaatsnemen als je daar zin in hebt. Je vrolijkheid, je aanwezigheid achter en voor de
schermen en je afleidingsmanoeuvres zorgden steeds weer voor een heldere kijk op de

zaken en voor het nodige relativeringsvermogen. YWe kunnen eindelijk weer met vakantie.

De publicatie van deze dissertatie werd financieel ondersteund door de Stichting Erasmus
Heelkundig Kankeronderzoek, ML Laboratories, Regent Medical, Genzyme, Ethicon, Hope

Farms, Braun Medical B.V., Greiner bio-one en Mediprof Medical Products (retractor pad,
novacol}.

193






CURRICULUM VITAE AUCTORIS

Monique Petrousjka van den Tol was born on May 18", 1968 in Paramaribo, Surinam. After
graduating from high school at the Stedelijk Lyceum in Zutphen in 1986, she attended
medical school at the Faculty of Medicine of the Erasmus University in Rotterdam. During her
undergraduate years in medical school she worked as a student assistant at the Obstetrics
Department of the Sint Franciscus Gasthuis, Rotterdam, The Netherlands and performed
clinical sub internships at the Department of General Surgery (1920, Prof.dr. R. Adar) and
the Department of Plastic and Reconstructive Surgery (1891, Prof.dr, M. Tsur) at the Chaim
Sheba Medical Center in Tel Hashomer, Israel. In 1993, she obtained her medical degree
cum laude. In 1293 and 1994 she worked as a surgical intern at the Departments of General
Surgery of the Albert Schweitzer Hospital, Dordrecht, The Netherlands (dr. J. de Gruyl) and
the University Hospital V.U., Amsterdam, The Netherlands (Prof.dr. H.J.Th.M. Haarman). In
1994 she was offered a research position at the Department of General Surgery of the
University Hospital Dijkzigt, Rotterdam, The Netherlands by Prof.dr. J. Jeekel and dr. R.L.
Marquet. In 1997 she started her training in Surgery at the Department of General Surgery of
the Reinier de Graaf Gasthuis, Delft, The Netherlands (dr. P.W. de Graaf and dr. L.P.S.
Stassen} and in 2000 she continued her surgical residency at the Depariment of General
Surgery of the University Hospital Dijkzigt, Rotterdam, The Netherlands (Prof.dr. H.J. Bonjer
and Prof.dr. J. Jeekel).

195






	Influence of Peritoneal Trauma on Postoperative Adhesion Formation and Intra-Abdominal Tumour Recurrence = lnvloed van Peritoneaal Trauma op Postoperatieve Adhesie Vorming en lntra-Abdominale Tumor Recidivering
	Contents
	PART I - General Introduction and Aims of the Thesis
	Chapter I - General Introduction
	Chapter II - Aims of the Thesis

	PART II - Surgical Peritoneal Trauma and Adhesion Formation
	Chapter III - Reduction of intraperitoneal adhesion formation by use of non-abrasive gauze.

van den Tol MP, van Stijn I, Bonthuis F, Marquet RL, Jeekel J.

Br J Surg. 1997 Oct;84(10):1410-5.

PMID:9361601[PubMed - indexed for MEDLINE] 
	Chapter IV - Perioperative lavage promotes intraperitoneal adhesion in the rat.

van Westreenen M, van den Tol PM, Pronk A, Marquet RL, Jeekel J, Leguit P.

Eur Surg Res. 1999;31(2):196-201.

PMID:10213859[PubMed - indexed for MEDLINE] 

	PART Ill - Surgical Peritoneal Trauma and Intra-Abdominal Tumour Recurrence
	Chapter V - Reduction of peritoneal trauma by using nonsurgical gauze leads to less implantation metastasis of spilled tumor cells.

van den Tol PM, van Rossen EE, van Eijck CH, Bonthuis F, Marquet RL, Jeekel H.

Ann Surg. 1998 Feb;227(2):242-8.

PMID:9488523[PubMed - indexed for MEDLINE] Free PMC Article
	Chapter VI - Glove powder promotes adhesion formation and facilitates tumour cell adhesion and growth.

van den Tol MP, Haverlag R, van Rossen ME, Bonthuis F, Marquet RL, Jeekel J.

Br J Surg. 2001 Sep;88(9):1258-63.

PMID:11531877[PubMed - indexed for MEDLINE] 

	PART IV - Pathways of Adhesion Formation and Intra Abdominal Tumour Recurrence after Surgical Peritoneal Trauma; Possible Methods for Prevention
	Chapter VII - The Inflammatory Sequelae of Surgery Provoke Enhanced Tumour Recurrence; a Crucial Role for Neutrophils and Cytokines
	Chapter XIII - Preventing Intra-Abdominal Influx of Neutrophils after Surgical Peritoneal Trauma Reduces Adhesion Formation and Local Tumour Recurrence
	Chapter IX - Hyaluronate-based coating solution for prevention of surgical adhesions has no major effect on adhesion and growth of intraperitoneal tumour cells.

Haverlag R, van Rossen ME, van den Tol MP, Bonthuis F, Marquet RL, Jeekel J.

Eur J Surg. 1999 Aug;165(8):791-5.

PMID:10494648[PubMed - indexed for MEDLINE] 
	Chapter X - Icodextrin® Is a Potent Inhibitor of Postoperative Adhesion Formation in Rats but Does not Affect Intra-Peritoneal Tumour Cell Adhesion and Growth

	PART V - General Discussion and Summary
	Chapter XI - General Discussion
	Chapter XII - Summary and Conclusions
	Chapter XIII - Nederlandse Samenvatting

	APPENDICES
	LIST OF ABBREVIATIONS
	PUBLICATIONS AND AWARDS
	DANKWOORD
	CURRICULUM VITAE AUCTORIS

