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Foreword

by Victor Gomel, M.D.

There has been increasing appreciation of the deleterious effects of postoperative
intraperitoneal adhesions and the importance of prevention or at least reduction
of their occurrence. Postoperative adhesions may cause abdominal and pelvic pain,
bowel obstruction, and infertility. The commonest cause of bowel occlusion in a
woman is a prior hysterectomy. Therefore, prevention of adhesions is important in
both conventional and extirpative surgery. This book is a summary of both the sci-
ence of peritoneal repair as well as a manual of surgical techniques directed to the
reduction of postsurgical adhesion and consequently improved surgical outcome.
The timing of this book’s publication is propitious owing to the recent increase in
the understanding of peritoneal adhesion formation and the development in im-
proved surgical techniques especially using a minimal access approach to the peri-
toneal cavity.

The series or cascade of physiologic or pathophysiologic events that lead to ei-
ther normal peritoneal healing or formation of postoperative adhesions com-
mences with the initial surgical trauma. Surgical trauma is not confined to the op-
erative site alone; frequently there is significant trauma to adjacent and peripheral
tissues. Although the former may be integral to the procedure, the latter should
largely be avoidable. For example, in an ovarian cystectomy the incision made on
the affected ovary to excise the cyst is an essential part of the procedure. However,
undue trauma to the ovarian surface from less than gentle manipulation and from
sponging with surgical pads is largely avoidable, as is trauma to adjacent peritoneal
surfaces from manipulation, insertion of abdominal pads and introduction of for-
eign material.

As is evident from other chapters of this book, it is easier to prevent de novo ad-
hesions (adhesions that did not exist before) than adhesions reformed subsequent
to adhesiolysis. A situation that is very likely to lead to adhesions, frequently of co-
hesive type, is the apposition of damaged peritoneal surfaces. This is frequently ob-
served between the posterior surface of the ovary and the peritoneal surface of the
fossa ovarica.

The ovary is the organ most frequently involved in adhesions. This propensity is
the result of its being covered by a single mesothelial layer that is deprived of the
underlying support structures present in the peritoneum. Desiccation of the cells
of this single cell layer, even by simple exposure to the atmosphere and lights of the
operating room, may be sufficient to cause adhesions. The described propensity
and the less than gentle technique frequently used are among the major causes of
failure of reconstructive surgery. Recognition of these facts, at a time when recon-
structive surgery represented the only treatment option for tubal factor infertility,
led to the development and introduction of microsurgical techniques in gynecol-
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ogy. The gynecologist became more acutely aware of tissue trauma and its deleteri-
ous effects and began to employ more delicate techniques.

Microsurgical Technique

Microsurgery has been defined as “surgery under magnification.” In fact, magnifi-
cation is only a single facet of microsurgery, which embraces a broad concept of tis-
sue care designed to minimize tissue damage. The principles include the following:

Delicate Handling of Tissues

This concept demands respect for peritoneal surfaces. Every effort must be made
not to damage the peritoneum. This requires avoiding the use of traumatic instru-
ments, such as toothed forceps, and laparotomy pads on the peritoneum. Retrac-
tion should be achieved with probes rather than by grasping tissues with traumatic
instruments. To avoid desiccation, the peritoneum must be kept moistened, at all
times, by frequent irrigation with a physiologic solution such as lactated Ringer’s.
Sponging with pads should be replaced by irrigation, both to clean the operative
site and to expose bleeding vessels. Addition of heparin (1000 to 5000 units per
liter, depending upon the anticipated total volume of fluid use) to the irrigation so-
lution largely prevents the clotting of extravasated blood, improves the effective-
ness of irrigation in keeping the surgical site well exposed and facilitates the re-
moval of blood, soluble fibrin, and debris from the peritoneal cavity at the end of
the procedure.

Hemostasis

Good hemostasis is an integral part of good surgical technique. The presence of
blood in the peritoneal cavity increases the likelihood of postoperative adhesions.
Blood increases the need for fibrinolysis which is limited to the available amounts
of plasminogen and plasminogen activator activity (PAA). Blood clots adhere to the
traumatized peritoneum and provide the fibrin matrix necessary for the formation
of adhesions.

While pedicles must be well secured, the creation of large areas of necrosis must be
avoided by limiting the size of the pedicles and the amount of tissue beyond the tie.

Electrosurgery plays an important role in hemostasis; however, it must be used ju-
diciously. Bleeding vessels should be exposed by irrigation and desiccated using the
smallest possible caliber electrode or bipolar forceps and with the appropriate
power density in order to avoid damage to adjacent tissues and excessive carboniza-
tion.

Avoidance of Introduction of Foreign Material
into the Peritoneal Cavity

The introduction of foreign bodies into the peritoneal cavity creates an inflamma-
tory reaction that frequently contains giant cells. Powder used in surgical gloves is a
major irritant to the peritoneum. For this reason, it is imperative to wash the gloved
hands thoroughly prior to entering the peritoneal cavity, especially with open
surgery. In open surgery the gloves should be moistened when handling tissues to
reduce peritoneal trauma. The use of nonwoven, moistened pads is preferable to
that of ordinary pads, which will shed lint into the peritoneal cavity.

Sutures, necessary as they may be, are a foreign body to the peritoneum and thus
engender an inflammatory response and not infrequently cause adhesion. For this
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reason less reactive sutures (synthetic absorbable or when required synthetic per-
manent) must be selected. In addition, in order to decrease the amount of suture
material exposed to the peritoneal cavity the finest caliber suture able to do the
task should be used and whenever possible the suture and/or the knot buried.

Complete Excision of Abnormal Tissues

Whenever possible all diseased and necrotic tissues must be excised. For example,
in the case of endometriosis it is preferable to remove or ablate all of the lesions. In
the case of tubal abortion it is necessary to remove all of the blood, clots, and espe-
cially the gestational tissues out of the peritoneal cavity and perform a thorough
lavage.

Precise Alignment and Approximation of Tissue Planes

Segments of organs requiring anastomosis must be aligned properly to maintain
optimal function. In the case of a tubal or bowel anastomosis it is preferable to ap-
proximate the muscular and serosal layers separately.

Adhesiolysis

As a general rule, filmy adhesions are usually avascular and are amenable to sharp
dissection. Dense adhesions tend to be vascular but will often have avascular areas
that can be used to gain access to the tissue layers to identify and occlude their ma-
jor blood vessels. Lysis of cohesive adhesions will necessitate development of a dis-
section plane by sharp and blunt dissection and hydrodissection. Very fibrous and
extremely cohesive adhesions, usually secondary to previous pelvic surgery or re-
peated severe infections, may not be amenable to laparoscopic dissection.

The performance of safe adhesiolysis requires the observation of the following
measures: Dissection should always commence in well exposed areas. Each adhe-
sive layer must be clearly identified, grasped, and retracted to achieve optimal ex-
posure. It is essential to recognize what lies behind the adhesion before dissection
begins. Transection must be carried out parallel to the organ of interest. Adhesions
must be divided one layer at a time. Shallow adhesions are simply transected. Broad
adhesions are excised by dividing them both along the organ of interest and at
their distal attachments and removed from the peritoneal cavity. Transection can
be achieved mechanically using sharp scissors, electrosurgically, or with laser en-
ergy. Scissor division can be effected close to vital structures but sufficient distance
must be maintained if electrosurgery or laser is being used. The instrument used
for division must approach the tissue to be divided at a right angle. Vessels encoun-
tered along the transection line should be electrodesiccated prior to division. Filmy
shallow adhesions are simply divided, occluding the infrequent blood vessel that
will be encountered prior to division. Broad adhesions are divided at both ends and
removed. When, as is often the case, these adhesions are multilayered, they should
be divided one layer at a time. Hydrodissection is a simple way of developing these
layers.

With cohesive adhesions it will be necessary to identify the proper dissection
plane. This is achieved by placing a small incision between the two adherent struc-
tures and by developing a plane either by spreading the jaws of the scissors, by blunt
dissection, or by hydrodissection. No thermal energy should be used in such cases.

Adhesions between loops of bowel are tethered at both ends to a particularly vul-
nerable structure. The cleavage planes should be developed by using hydrodissec-
tion and the adhesions divided at their midpoints using scissors to avoid any poten-
tial spread of electrical or laser energy to the bowel wall.



Once the adhesiolysis has been completed, copious lavage is performed and, un-
less the returning fluid is clear, the areas of division are examined to identify and
deal with any residual bleeding points.

Pelvic Lavage

Thorough lavage of pelvic, and, when indicated, of the whole abdominal cavity,
with a buffered irrigating solution (lactated Ringer’s solution), is designed to re-
move from the peritoneal cavity substances such as blood, fibrin, lint, and other
foreign bodies. A buffered irrigating solution is preferred over normal saline in or-
der to remove the hydrogen ions which form during surgery and thereby return
the pH of peritoneal fluid to physiologic condition. To suction all of the fluid out
of the peritoneal cavity it is essential to place the patient in reverse Trendelenburg
position; This applies to both laparotomy and laparoscopy.

When laparoscopic access is used for the procedure, underwater examination of
the operative site may be performed. When the irrigation fluid remains clear, the
pneumoperitoneum pressure is reduced and the regions inspected with the distal
end of the laparoscope under the surface of the fluid. This permits prompt recog-
nition of any small bleeding vessels, which can be desiccated with use of a micro-
bipolar forceps.

Magnification

Magnification may be used when necessary or when performing microsurgical pro-
cedures. Magnification enables prompt identification of abnormal morphologic
changes, recognition and avoidance of surgical injury and application of the
preceding principles with the use of fine microsurgical instruments and suture
materials.

Mode of Access

The microsurgical principles outlined above are applicable irrespective of the
mode of access, be it abdominal, laparoscopic, or vaginal. Many procedures can be
performed through any one of these access routes. The selection of the specific ac-
cess is dependent upon the lesion, the procedure required, and the skill of the sur-
geon. The aim would be to select the access that will yield the best outcome for the
patient.

Operating within a closed peritoneal cavity largely prevents desiccation of the
peritoneal surfaces, especially if the insufflation gas has been moistened and
warmed to body temperature. Working within a closed environment eliminates the
need to use pads and prevents the introduction of foreign materials such as lint
and talcum powder. Laparoscopy permits intraoperative irrigation for lavage and
to expose bleeding vessels. Fine electrodes may also be used to achieve precise
electrosurgical hemostasis. As in microsurgery, laparoscopic procedures are per-
formed with a limited number of instruments. The laparoscope provides a degree
of magnification that can be enhanced further by the monitor and special cameras.
The laparoscope provides excellent coaxial illumination. The visibility can be en-
hanced by bringing the distal end of the scope close to the area of interest.

Abdominal Incision

Most reproductive surgical procedures can be performed through a small (mini-
laparotomy) suprapubic transverse or vertical (if a midline or paramedian sear is
present) incision. We have successfully used this approach since 1986. The length
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of the incision is usually 5 to 6 cm, but is dependent upon the prior pelvic findings
and especially the depth of the patient’s subcutaneous adipose layer. The site of the
proposed incision is infiltrated with a long-acting anesthetic agent such as 0.25%
bupivacaine (Marcaine) solution. A transverse suprapubic incision is made and ex-
tended down to the fascia. The subcutaneous fat is dissected over the fascia, in the
midline upward and downward. The fascia is then incised vertically in the midline.
The recti muscles are separated in the midline, and the peritoneum incised verti-
cally, with the incision curbed laterally at the lower end to avoid the bladder. The
subcutaneous tissues are reinfiltrated with the same solution before closure of the
skin incision. Thereafter, a bilateral inguinal nerve block is established. The small
size of the incision, the lack of bowel manipulation along with gentle handling of
tissues during the procedure, and the use of local anesthesia reduce postoperative
discomfort and analgesia requirements. This approach permits prompt mobiliza-
tion of the patient and discharge from the hospital within 24 hours. These patients
return to normal activity almost as rapidly as those in whom the procedures were
performed laparoscopically.

Further Reading

Gomel V. Reconstructive Tubal Surgery. In: Rock JA, Thompson JD, editors.
TeLinde’s Operative Gynecology, 8th edition. 1997:549-584.

Gomel V, Taylor P. Principles of Gynecologic Laparoscopy. In: Gomel V, Taylor P,
editors. Diagnostic and Operative Gynecologic Laparoscopy. St. Louis: Mosby
1995:71-88.



Preface

The mission of this book is to provide the thoughtful surgeon a userfriendly path
to deliver a better clinical outcome to his patients. In fulfillment of this mission,
the leading investigators currently contributing to this rapidly expanding field
summarized recent advances in peritoneal surgery. As their contributions are in
both basic science and clinical arenas, the text is authoritative and detailed yet
broad enough in scope to benefit the practicing surgeon, surgeon-in-training, and
basic science investigator.

The science of mesothelial repair and its clinical application to surgical practice
provides practitioners with progressive surgical tools and advanced techniques that
benefit surgical patients. Scientists are continuing to uncover the complex inter-
play of inter- and intracellular messengers that orchestrate mesothelial regenera-
tion, fibrogenesis, and inflammation.

Today, surgical therapeutics includes utilization of adhesion prevention adju-
vants and techniques—a development of the last two decades with resultant im-
provements in surgical outcomes. This book summarizes these recent advances in
peritoneal surgery from the leading investigators actively contributing to this
rapidly expanding field. The editors have endeavored to incorporate an under-
standing of the peritoneal membrane, its response to surgical trauma, and adhe-
sion-formation biology with a full spectrum of surgical procedures and discussion
of appropriate clinical adjuvants, thus providing the surgeon and surgeon-in-training
with the knowledge necessary to minimize tissue response to injury and maximize
benefit of surgical therapy. Adhesion formation and the challenge to surgical ther-
apy in their reduction are considered by integrating the science of fibrinolysis to-
gether with new considerations of surgical technique. The contribution adhesions
make to the morbidity of our patients as well as to the cost of healthcare is reviewed
across surgical disciplines. Adjuvants available to reduce formation of postsurgical
adhesions are critically evaluated to identify ways to maximize their efficacy in sur-
gical practice as well as understand their limitations. The direction of ongoing re-
search is presented with an eye toward identifying questions for future study.

The editorial board would like to thank Ginger Mayerson and her colleagues
Leticia Corona and Alec DeCherney for maintaining throughout creation of this
text a high quality of professionalism, which is evident on every page; Susan Kreml
for a thorough copyediting, which often led to creative rewrites; and Claire Huis-
mann and Terry Kornak for production that exceeded unrealistic expectations.

Gere S. diZerega, M.D.

Los Angeles
New York
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The Peritoneum

Peritoneum is the most extensive serous membrane in
the body. The surface area of the peritoneum is gener-
ally equal to that of the skin (Table 1.1).1 It forms a
closed sac in the male and an open sac in the female be-
cause the ends of the fallopian tubes are not covered by
peritoneum. The peritoneum lines the walls of the ab-
domen (parietal peritoneum) and is reflected over the
viscera (visceral peritoneum). It consists of two layers, a
loose connective tissue and a mesothelium. The connec-
tive tissue is arranged into loose bundles that interlace in
a plane parallel to the surface. There are numerous elas-
tic fibers, especially in the deeper layer of the parietal
peritoneum, and comparatively few connective tissue
cells. The peritoneum serves to minimize friction, facili-
tating free movement between abdominal viscera, to re-
sist or localize infection, and to store fat, especially in the
greater omentum.

The intraabdominal surface of the peritoneum is a
continuous sheet of mesothelial cells attached to the
abdominal wall and viscera by areolar tissue (subserous
fascia). Where the peritoneum is freely mobile, loose
connective or “subserous” tissue, rich in elastin and con-
taining varying numbers of fat cells, connects the perito-
neum with the underlying tissue. The peritoneum is well
supplied with blood vessels and lymphatics, which give
rise to a rich capillary network. The mesothelial cells
form a continuous layer that rests upon loose mesenchy-
mal connective tissue, a basal lamina, and basement
membrane. The mesentery contains a loose network of

TABLE 1.1. Peritoneal surface area (cm?2)

Adult Infant
Intestine 4,815 665
Liver 624 139
Anterior abdominal wall 411 79
Diaphragm 424 35
Stomach 631 32
Omentum 1,581 29
Mesentery 1,469 32
Spleen 149 25
Pelvic organs 275 29
Total peritoneal area 10,379 1,065
Weight (kg) 59.3 2.743
Peritoneal area (cm?2)/body weight (kg) 177 383

From Esperanca and Collins.!
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collagenous and elastic fibers, scattered fibroblasts,
macrophages, mast cells, and a varying number of fat
cells.2

Histology

Omentum is covered by mesothelium on both sides,
which is folded over the loose connective tissue. The
membrane is pierced by numerous holes or fenestra-
tions to form collagenous bundles covered by mesothe-
lial cells that supply the blood vessels. Thicker areas of
omentum contain many macrophages, small lympho-
cytes, plasma cells, a few eosinophils, and mast cells. In
areas where macrophages accumulate in large numbers
the omentum appears grossly to contain “milky spots.”3
The mesothelium that covers the peritoneum consists
of a single layer of flattened cells with microvilli, periph-
eral vesicles, and discrete bundles of cytoplasmic micro-
filaments (Fig. 1.1). The cells are attached to one an-
other by desmosomes. The diaphragmatic surface is
covered by a single layer of mesothelial cells that contain
regional variations. Dome-shaped cells with microvillous
projections are arrayed in bands that extend from the

FiG. 1.1. Features of mesothelial cells on the peritoneal surface.
Cell 1 has numerous microvilli, while cell 2 has thin folds of the
membrane. These cells are loosely attached; as a result, they
can be readily detached during peritoneal mobilization during
surgery. X6200.4
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musculotendinous junction toward the rib cage. Adja-
cent cell margins are separated to form mesothelial
pores located over lymphatic vessels. Lymphatic endo-
thelial cells form a channel extending from the perito-
neal cavity directly into the diaphragmatic lymphatics.
The second type of cell, which constitutes the peritoneal
covering of the diaphragm, is a flat cell that contains nu-
merous microvilli on its apical surfaces and overlies a
thin layer of connective tissue. The cell margins of the
flattened cell are in close apposition and do not form
pores.4

The mesothelial covering of the peritoneum may ac-
count for the formation of mesenteric cysts occasionally
found in the parietal peritoneum or within supporting
structures (mesentery or ligaments). These cysts are
thought to arise from embryonic nests of either meso-
thelium, gut, or urogenital ridge. These cysts can be
filled with serous fluid or blood and can range from 1 to
2 or from 15 to 20 cm in diameter. The cysts occur either
in a single cyst or in multiple clusters. Most neoplasms of
the peritoneum are metastatic, including ovarian, pan-
creatic, or other gastrointestinal carcinomas. Primary
peritoneal neoplasms are rare and present as mesothe-
liomas.

Ultrastructure of Peritoneum

Pfeiffer et al.5 described the ultrastructure of the visceral
peritoneum covering the stomach, small intestine, and
colon of the immature pig using the scanning electron
microscope. The peritoneal surface was composed of a
single layer of loosely attached squamous epithelial cells
that contained scant microvilli. The outer surface con-
tained an undulating surface with a cobblestone appear-
ance.

This monolayer is loosely attached to the underlying
connective tissue. At high magnification, an abundance
of long, widely spaced microvilli cover the apical surface
of the mesothelial cells (see Fig. 1.1). Adjacent mesothe-
lial cells are either joined by desmosomes or are loosely
connected at their peripheral edges. The mesothelium is
separated from underlying collagenous bundles by base-
ment membrane. The serosal connective tissue base,
upon which the mesothelium of the small intestine rests,
is less compacted than that of the stomach.

The apical surface of mesothelial cells contains an
abundance of long microvilli that increase the functional
surface area of the peritoneum (2.5 pm long X 0.08 pm
in diameter).6 Microvilli projecting from the mesothelial
cells dramatically increase the functional surface area of
both parietal and visceral peritoneum for absorption
and secretion. Most of the mesothelial cells contain
motile cilia.6 A role for mesothelial microvilli in trans-
port function is supported by the absorptive and exuda-
tive ability of the mesothelium.7-11 Transport functions
of gastrointestinal mesothelium utilize several pathways,

including pinocytosis, transmembrane diffusion,? and
excursion between cell boundaries.11

Basement Membrane

The peritoneum is supported by a basement membrane
supporting both visceral and parietal surfaces (Fig. 1.2).
A thin layer of loose areolar tissue some 2 to 3 mm in
thickness underlies both parietal and visceral mesothe-
lium. It contains bundles of collagen fibers oriented in
different layers of variable complexity according to
anatomic site.12 The basement membrane over the stom-
ach is 8 to 10 pm thick. It consists of a delicate fibrillar
plexus and interwoven reticulum fibers. The orientation
of the reticulum and fibroblasts in longitudinal to the
plane of expansion appropriate for the anatomic site.
Connection with the underlying network of elastin in-
volves collagen and mucopolysaccharides. The deep lon-
gitudinal elastin network is closely connected with un-
derlying collagen. The elastin fibers from the lower
surface of the longitudinal network penetrate into the
more deeply located collagen, forming a collagen—
elastin lattice.

Blood and Lymphatic Vessels

Blood and lymphatic vessels of the peritoneum are
found in the deep collagenous layer. Above this are lay-
ers of collagen, mucopolysaccharides, elastin, connective
or mesenchymal tissue, superficial collagen, and meso-
thelial cells. In some areas, for instance, in intestinal
peritoneum, fatty lobules are situated under the elastin
within the deep collagen lattice.

Blood vessels of the mesentery or intestinal perito-
neum contain adventitial sheaths: elastin for the arteries,

F1G. 1.2. General scheme of construction of the peritoneum of
the small intestine in humans and the fibroarchitecture of the
various layers. The innermost layer is a collagen lattice sur-
rounded by rich microcirculation. A layer of glycosaminogly-
cans or mucopolysaccharide proteins is covered by elastin. The
surface megsothelial cells rest upon a connective tissue matrix
of proteins including collagen.12



collagen for the veins. The sheaths extend onto the cap-
illaries. The deepest vessels of the peritoneum are paral-
lel with the musculature underlying the peritoneum.
More superficial vessels, penetrating to the thickness of
the deep collagenous layer, are parallel with the spiral ar-
terioles that prevent overextension of the vessels which
may occur during peritoneal stretching.

Numerous lymphatic channels lead from the perito-
neal cavity, especially from the lower surface of the di-
aphragm. With each diaphragmatic excursion, relatively
large quantities of lymph flow out of the peritoneal
cavity into the thoracic duct. If these ducts become oc-
cluded (i.e., cancer, inflammation), the return of pro-
tein to the circulation is blocked. As a result, intraperi-
toneal osmotic pressure rises and ascites ensues.13

Free cells including erythrocytes and epithelial cells
enter stomata that underlie the accumulated cells. Like-
wise, fluids, large molecules, and particulate materials
are able to enter the diaphragmatic lymphatics through
stomata.l4 This movement is indicated by the rapid re-
moval of trypan blue dye and colloidal carbon injected
intraperitoneally from this cavity into the mediastinal
lymphatic vessels and lymph nodes. The importance of
the structural integrity of the stoma as a continuous pas-
sageway from the peritoneal cavity into the lymphatic lu-
men is underscored by the loss of this passageway when
the diaphragmatic surface is completely occluded by
chemical or surgical abrasions that prevent fluid and cel-
lular removal from the peritoneal cavity.15

Mesothelial Histology

The diaphragmatic mesothelium contains two morpho-
logically distinct cell types: flattened and dome-shaped
cells.16-18 Flattened cells are in close apposition to oc-
cluded junctions. In contrast, margins of the dome-
shaped cells are often separated by stomata that open
into lymphatic vessels.19 Many of the cells migrate over
the mesothelial surface, whereas others enter subme-
sothelial lymphatic vessels via stomata (mesothelial
pores). These pores may provide a passageway for the re-
moval of fluids as well as large molecules and cells from
the peritoneal cavity.14,20,21

Stomata are present at sites where margins of several
lymphatic endothelial cells span the submesothelial con-
nective tissue. This arrangement creates a passageway be-
tween the peritoneal cavity and lymphatic lumen. To ac-
count for the increased number of stomata observed
after peritoneal stimulation, mesothelial cells may re-
spond by retracting their cell margins. Contraction and
relaxation of the diaphragmatic muscles during inhala-
tion and exhalation probably leads to widening and nar-
rowing of stomatal orifices. Therefore, a number of pas-
sageways would be maintained for a constant removal of
fluids and cells by the diaphragmatic lymphatics under
normal physiologic conditions.

Gere S. diZerega

Peritoneal Fluid

The peritoneal cavity of the human usually contains 5 to
20 mL of serous exudate, which varies widely depending
on the physiologic condition. In the female, this volume
changes during the menstrual cycle to reach maximal
levels after ovulation (Fig. 1.3). When pressure in the he-
patic sinusoids rises more than 5 to 10 mmHg, fluid con-
taining large amounts of protein transudes through the
liver surface into the abdominal cavity. Excess fluid in
the peritoneal cavity is either a transudate (specific grav-
ity, <1.010), which accumulates (ascites) from perito-
neal obstruction or circulatory differences (cardiac fail-
ure, portal hypertension, hypofibrinogenemia, etc.), or
an exudate (specific gravity, >1.020), which arises from
inflammation. The hepatic resistance to portal blood
flow induces a capillary pressure in the visceral perito-
neum that is higher than elsewhere in the body.

The pH of peritoneal fluid ranges between 7.5 and 8.0
and contains significant buffering capacity. Because of
the hydrostatic pressure gradient between plasma and
the peritoneal compartment, normal peritoneal fluid
also contains many of the plasma proteins in about 50%
of the plasma concentration. Plasma that accumulates in
the peritoneal cavity provides a source of fibrinogen.
The resultant fibrin may play an important role in the
aggregation of peritoneal cells on the diaphragmatic sur-
face and over the visceral or parietal surfaces. The
amounts of peritoneal fluid and plasma greatly increase
in the peritoneal cavity during postsurgical repair or fol-
lowing an inflammatory insult.22

Human peritoneal fluid contains at least four types of
differentiated cells: macrophages, mesothelial cells, lym-

25 PERITONEAL FLUID (m))
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F1G. 1.3. The volume of fluid recovered from the peritoneal
cavity of patients undergoing laparoscopy at various days of the
menstrual cycle peaks around the time of ovulation and de-
clines to approximately 7 mL at the end of the menstrual cycle.
These data are the mean volume from three to six patients per
time point.22
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phocytes, and polymorphonuclear leukocytes.22 The
macrophages and mesothelial cells represent the two
major types of cells, each group constituting about 36%
of the population, while the lymphocytes and polymor-
phonuclear cells comprise 18% and 7% of the popula-
tion, respectively. A similar distribution of cellular ele-
ments was identified in cul-de-sac aspirates of women
during the menstrual cycle, pregnancy, post partum, and
menopause.23-25 Cellular content of fluids from women
35 years or older consists of mesothelial cells (25%), lym-
phocytes (23%), erythrocytes (15%), polymorphonu-
clear cells (8%), histiocytes (4%), and squamous cells.23

It is well known that postsurgical macrophages play an
important role in the repair of injured peritoneum.26
Following stimulation, macrophages produce factors
that modulate the proliferation of fibroblasts by both
stimulation (macrophage-derived growth factor, inter-
leukin-1, prostaglandin Fy, and transforming growth
factor-8) and inhibition (prostaglandin E,, fibroblast
growth inhibitor, and interferon-a).27.28 The secretory
products of macrophages at various times after surgery
initially suppress (during the initial 48 hours) and later
enhance (following 48-54 hours) the proliferation of
mesothelial cells.29 Macrophages are also critical in the
formation of connective tissue matrix and mesothelial
syncytium.30 Thus, macrophages stimulate the secretion
of connective tissue protein, such as fibronectin, porteo-
glycans, collagen, and proteases such as collagenase and
elastase.

Macrophages are also known to modulate fibroblast
proliferation and stimulation.29-31 Surgical trauma to
the peritoneum, in the absence of infection, elicits a
rapid and transient influx of polymorphonuclear leuko-
cytes (PMNs) into the peritoneal cavity, followed by accu-
mulation of large mononuclear cells, mainly macro-
phages.31.32 These recruited macrophages may also secrete
cytokines.

A number of cytokines and hormones that can be
found in peritoneal fluid correlate with ongoing clinical
events of the reproductive organs or gastrointestinal sys-
tems. Prorennin in large concentrations can be found in
the peritoneal fluid of patients with ruptured luteal cysts
or hyperstimulation (see also Chapter 2).33

Endometriosis

A significant body of information has been assembled
concerning the contents, volume, and characteristics of
peritoneal fluid in patients with endometriosis.34.35
Secretory products of macrophages such as tumor necro-
sis factor-a (TNF-a),36 growth factors,37 interleukin-1
(IL-1),38 interleukin-8 (IL-8), and a chemoattrachant cy-
tokine for neutrophils39 are also found in increased
quantities in the peritoneal fluid of women with en-
dometriosis.40

Peritoneal fluid in women with endometriosis is proin-
flammatory. Numbers of macrophages, as well as their
activation level, are increased with endometriosis.41 Acti-
vation of macrophages involves changes in size, rate of
spread, adherence, enzyme production, oxygen con-
sumption, prostaglandin release, and increased secre-
tory activity.42 Hill et al.43 found peritoneal leukocyte
concentrations to be the highest in stage I endometriosis
versus stage IV. Akoum et al.44 reported increased levels
of monocyte chemotactic factor-1 (MCP-1) in the perito-
neal fluid of patients with endometriosis. MCP-1 is se-
creted by activated macrophages and by stimulated ep-
ithelial cells.

The levels of IL-13 and TNF in peritoneal fluid and
production of IL-13 and TNF by peritoneal macro-
phages were determined in patients with benign gyneco-
logic disease.45> The level of IL-18 was elevated in acute
pelvic inflammatory disease (PID) and stages I and II en-
dometriosis groups compared with normals. The level of
TNF was elevated in peritoneal fluid from patients with
PID and endometriosis (stages III and IV). Peritoneal
macrophages produce IL-18 and TNF in vitro in the ab-
sence of stimulants. The levels of IL-18 and TNF are pre-
sumably linked to the activation of peritoneal macro-
phages.

Contradictory data have been reported regarding im-
munoglobulins (Ig) in the peritoneal fluid. Some au-
thors found increased concentrations of IgG, IgM, and
IgA,46 an increased production of IgG and IgA in the cul-
ture of B lymphocytes obtained from peritoneal fluid,47
and elevated titers of antibodies against endometrial
antigens in endometriosis patients compared with con-
trols.48 However, other authors reported similar49 or sig-
nificantly lower concentrations of IgG, IgA, and IgM in
peritoneal fluid from endometriosis patients compared
with controls50.51 or differences in the peritoneal fluid
antibodies to autologous endometrial and implant anti-
gens.52 One group showed significant amounts of au-
toantibodies to endometrium in only 5 of 22 patients
with mild forms of endometriosis.52 Another group
showed that antiendometrial antibodies are more com-
mon in serum from women with endometriosis than in
controls without the disease.53 Whether these apparently
conflicting results reflect biologic differences or varia-
tion in assay, methodology, or disease states is unclear.

Inflammatory Disease

In the peritoneal fluid of women with laparoscopically
confirmed PID, plasminogen activator inhibitor antigen
(PAI-1-Ag), tissue PA-Ag (tPA-Ag), and urokinase-Ag
(uPA-Ag) are elevated54 (Tables 1.2A and B). Because
the tPA activity was not elevated, the bulk of the tPA-Ag
may be complexed to PAI, thereby quenching tPA activ-
ity. Parallel with the increase in tPA-Ag in the peritoneal
fluid of patients with PID, Dorr et al. found that the peri-
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TABLE 1.2A. Parameters of fibrinolytic activity in peritoneal fluid of patients with pelvic inflammatory disease (PID) and control

group

Peritoneal fluid PID group® (n = 10) Control group® (n = 9) p
PAI-1-Ag (ng/mL) 296 105-332 13.4 11-12.1 0.0003
tPA-Ag (ng/mL) 74.2 36.7-123.3 4 2.3-6.2 0.0002
tPA-act (mLU/mL) 13 0.5-212 98 23-134 >0.05
uPA-AG (ng/mL) 19.0 9.6-33.7 5.1 4.1-7.6 0.0015
scu-PA (ng/mL) 1.65 1.4-2.7 1.5 1.2-1.8 >0.05
tcu-PA (ng/mL) <0.1 <0.1

TDP (pg/mL) 585 390-750 27 15-48 0.0002
FbDP (pg/mL) 497.5 320-660 13 9.6-24 0.0002

PAI, plasminogen activator inhibitor; tPA, tissue plasminogen activator, uPA, urokinase plasminogen activator; scu-PA, single-chain uPA; tcu-PA,
two-chain uPA; TDP, total fibrin and fibrinogen degradation products; FbDP, fibrin degradation products; Ag, antigen; act, activity.

*Median and interquartile ranges.

TaBLE 1.2B. Parameters of fibrinolytic activity in plasma of patients with PID and control group

Plasma PID group® (n = 10) Control group® (n = 9) P

PAI-1-Ag (ng/mL) 24.05 14.7-34.9 129 9.2-19.8 >0.05
tPA-Ag (ng/mL) 2.6 1.4-9.8 4.8 3.9-8.2 >0.05
tPA-act (mLU/mL) 42.5 8-122 28 15-93 >0.05
uPA-Ag (ng/mL) 3.6 3.2-4.2 2.7 2.4-2.9 0.0101

PAI-Ag, plasminogen activator inhibitor antigen; tPA-Ag, tissue plasminogen activator antigen; tPA-act, tissue plasminogen activator activity; uPA-

Ag, urokinase plasminogen activator antigen.
*Median and interquartile ranges.
From Dorr et al .54

toneal fluid uPA-Ag concentration was significantly
higher in the PID group than in the control group.54
The combination of an increase in tPA and an increase
in uPA is consistent with different sources of the two
plasminogen activators: uPA from inflamed tissue is en-
dothelial cells (with leakage to the peritoneal fluid) and
tPA either from the peritoneum, peritoneal macro-
phages, or an exudate from the fallopian tubes.

The proinflammatory nature of peritoneal fluid after
surgery as well as endometriosis led a number of clini-
cians to evaluate the utility of corticosteroids in reducing
adhesion formation after surgery. Their reports are gen-
erally negative,55-57 although other clinical trials showed
decreased adhesion scores58 and increased pregnancy
rates.59

Embryology

During embryonic and fetal life, the mesentery and vis-
ceral ligaments expand or fuse. The greater omentum is
an expanded sacculation of the dorsal mesentery of the
stomach. During development, its surfaces fuse with
each other and drape the anterior aspect of the intes-
tine. After 4.5 to 5 months of fetal life, the peritoneum
can be identified as a layer of mesothelium with a thin
mesenchymal lining. Both lymphatic and blood vessels
within these tissues are in close contact because of the
absence of intervening fibrous layers. Through months

6 and 7 in utero, the peritoneum develops a deep lat-
ticed collagenous layer that forms the basement mem-
brane. Although visceral peritoneum covering the intes-
tine does not contain elastin fibers at this time, the
parietal peritoneum of the subdiaphragm is richly en-
dowed with an elastin network. By 6 to 7 months of fetal
life, the deep collagenous layer begins to appear at the
time the fetal peritoneum consists primarily of mesothe-
lium and basement membrane. At this time, the elastic
fibers are absent. At 8 months of fetal life, fibroblasts
align adjacent to the basement membrane, which elon-
gate in the axis of greatest physiologic tension. The
elastin network becomes apparent at about 9 months of
fetal life.

In between the mesothelial linings, mesenchyme is still
present to a greater or lesser extent. This mesenchyme is
relatively broad in the younger stages, but diminishes
with maturation. With respect to the intraperitoneal or-
gans it is referred to as “meso,” bounded by mesothelial
linings and containing vessels and nerves that supply the
organ.

In later developmental stages, the visceral peritoneum
is firmly attached to the capsule of the adjoining organs.
It is vascularized, innervated, and lymphatically drained
via vessels and nerves that also supply these organs and
can therefore be considered a part of the body wall. It is
attached to a submesothelial layer of loose connective
tissue, which in turn adheres to the deep body fascia.
The parietal peritoneum contains nerves possessing
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thermo-, chemo-, and mechanoreceptors, whereas the
nerves of the visceral peritoneum do not possess such
specialized receptors but instead form networks that re-
spond to tension.60

Anatomy

Subdivisions of Greater Sac

The peritoneal cavity is the potential space between the
parietal and visceral peritoneum. In general, the parietal
and visceral peritoneum are in direct contact with one
another (Fig. 1.4). The peritoneal cavity is divided into
two distinct compartments: (1) the greater sac is the
peritoneal cavity per se and (2) the lesser sac or omental
bursa comprises the dorsal surface of the stomach. The
two sacs are distinguished by a constriction between the
liver and duodenum, named the epiploic foramen or
foramen of Winslow.61

The greater sac is subdivided by the greater omentum,
transverse colon, and transverse mesocolon into an up-
per, anterior part, the supramesocolic compartment,
and a lower, posterior part, the inframesocolic compart-
ment. These compartments form channels or recesses
that determine how or where peritoneal fluid gravitates
or spreads. The supramesocolic compartment is subdi-
vided by the liver into subphrenic and subhepatic spaces.
The inframesocolic compartment is further divided by
the mesentery of the small intestine into right (upper)
and left (lower) parts. The latter drains into the pelvis.
The paracolic grooves or gutters are longitudinal depres-
sions lateral to the ascending and descending colon.

In some instances the peritoneum constricts to form
bands that lead to abnormal intestinal fixation. These
bands are considered to be congenital and are typically

Ant. layer of
coronary lig.

Lesser omentum=-

FiG. 1.4. The disposition of the peritoneum in a
sagittal section through the abdominal cavity.6! All
the abdominal pelvic viscera are covered by perito-
neum, except for the ovaries and the diaphragmatic
aspect of the liver (bare area of liver).

Stomach—

Greater omentum=—}—————

Anterior parietal _ |
peritoneum

attached to the duodenum, jejunum, or transverse
colon.62

Ligaments or Folds

The term mesenteris refers to the peritoneal suspension
of the small intestine; “entery” indicates intestine and
the prefix “meso,” a general prefix for peritoneum, is
used to identify the suspending folds of other organs in
the peritoneal cavity, for example, mesocolon and meso-
varium. When these connective tissues are condensed
into a distinct bundle they are referred to as ligaments.
Most ligaments contain blood vessels and nerves. In con-
trast, viscera more tightly attached to the abdominal wall
having only the exposed surface covered by peritoneum
are referred to as retroperitoneal viscera. Accordingly,
many retroperitoneal structures are also covered at least
in part by parietal peritoneum. A large portion of the
dorsal aspect of the diaphragmatic surface of the liver is
not covered by peritoneum. In the adult human, a 15-cm
area of the liver bordered anteriorly by the anterior leaf
of the coronary ligament is termed the bare area of the
liver. The posterior boundary of this area is the posterior
leaf of the coronary ligament where the peritoneum is
reflected from the liver to the diaphragm. Although the
bare area of the liver is not covered by visceral perito-
neum, this site is not directly exposed to the peritoneal
cavity because of the communications of the anterior
and posterior coronary ligaments with reflections of the
adjacent parietal peritoneum.

Innervation

The parietal peritoneum is supplied by nerves from the
adjacent body wall, the subdiaphragmatic part by the
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phrenic nerves and the remainder by the thoracoab-
dominal and subcostal nerves and by branches of the
lumbosacral plexus.61 Both sensory and vasomotor
nerves supply the peritoneum. Most of the parietal peri-
toneum is sensitive to pain. Painful stimuli to the ante-
rior and lateral regions are localized to the point of stim-
ulation. By contrast, painful stimuli to the central part of
the diaphragmatic peritoneum are referred to the shoul-
der. Painful stimuli to the peripheral part of the di-
aphragmatic peritoneum are felt in an intercostal space.
The roots of mesenteries contain pain fibers that are
sensitive to stretch. Sensory supply to the parietal perito-
neum covering the diaphragm involves the phrenic
nerves as well as the intercostals. Thus, diaphragmatic
pain may be perceived either at the base of the neck or
shoulder (from C-3, C4, and C-5 via the phrenic nerves)
or in the abdominal wall. Because the parietal perito-
neum is innervated by branches of the spinal nerves that
supply the abdominal wall, peritoneal involvement in vis-
ceral disease provides pain sensation through the lower
intercostal nerves. Pain fibers have not been clearly
demonstrated for visceral peritoneum; rather, visceral
pain is perceived via the viscus itself or by stretch or
spasm of smooth muscles of the viscus.61

Peritoneal Circulation

The intraperitoneal circulation follows the pattern
shown in Fig. 1.5. The routes by which intraperitoneal ef-
fusions spread and the spaces in which they accumulate
have been studied in surgical patients. Radiographic
contrast medium was injected at selected intraperitoneal
sites at the conclusion of operations for removal of the
gallbladder or appendix. The spread of the contrast
medium was followed by roentgenographic examina-
tions taken from 3 to 87 hours after operation.63 In
roentgenograms taken from 3 to 8 hours after surgery,
contrast material was widely disseminated into several of
the peritoneal spaces, whether it was introduced into the
upper or the lower abdomen.

In general, the distance a material spreads depends
upon its volume, viscosity, and specific gravity. Move-
ment both from Morison’s pouch downward and from
the cecal region upward was primarily along the right
paracolic gutter and upward from the pelvic space along
the left paracolic gutter. The mobility of the small bowel
tends to limit the accumulation of fluid in the central
portion of the peritoneal cavity under normal circum-
stances.64 The most dependent recess is the cul-de-sac
that lies between the rectum and the body of the uterus.
The perirectal circulation favors unilateral spread of ex-
udate because the phrenocolic ligament, which spans
the diaphragm, spleen, and splenic flexure of the colon,
interrupts the flow into the left subphrenic space during
respiration.64
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FiG. 1.5. Circulation of fluid in the peritoneal cavity. Solid ar-
rows indicate the flow generated by diaphragmatic movement
and absorption of material from the diaphragmatic lymphatics.
1, lesser sac; 2, foramen of Winslow; 3, Morison’s pouch; 4,
right triangular ligament; 5, right subphrenic space; 6, falci-
form ligament; 7, left subphrenic space; 8, phrenocolic liga-
ment; 9, bare area of the descending colon; 10, root of the
small-bowel mesentery; 11, bare area of ascending colon; 12,
duodenum; 13, esophagus; 14, root of the transverse meso-
colon; 15, bare area of rectum; 16, bladder.64

Peritoneal Reepithelialization

It was shown in 1919 that peritoneal healing differs from
that of skin. Hertzlert5 observed that when a defect is
made in the parietal peritoneum “the entire surface be-
comes epithelialized simultaneously and not gradually
from the borders as in epidermidalization of skin
wounds.” Multiplication and migration of mesothelial
cells from the margin of the wound may play a small part
in the regenerative process but cannot play a major part
because new mesothelium develops in the center of a
large wound at the same time as it develops in the center
of a smaller one. The granulation and contraction that
occur around the edges of skin wounds do not occur
during peritoneal healing. The morphologic organiza-
tion of new blood vessels after peritoneal trauma was
evaluated in Wistar rats at deperitonealized sidewall sites
covered with Silastic.66 Peritoneal angiogenesis was evi-
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dent on day 4 in 20% of the rats and progressively in-
creased to 100% by day 12.

General agreement exists between investigators on the
time required for regeneration of the mesothelial layer.
Ellis et al.67 and Hubbard et al.68 reported that healing
occurs in 5 to 6 days in the case of parietal peritoneum.
Peritoneal defects of 2 X 2 cm and 0.5 X 0.5 cm were
both entirely covered by a continuous sheet of mesothe-
lium 3 days after wounding.67 Glucksman®9 reported that
the visceral mesothelium covering the terminal ileum
heals in 5 days, and Eskeland70 demonstrated that regen-
eration of the mesothelial layer of parietal peritoneum is
not complete until 8 days. Raftery?! confirmed that pari-
etal peritoneum of the rat is healed within 8 days.

Mesothelial Régeneration

Eskeland70 described the cellular sequence of repair in
the parietal peritoneum of rats after either burning or
stripping of the peritoneum off the body wall (Fig. 1.6).
Both small and large wounds contained a continuous
layer of mesothelial cells by day 8 after injury. Wounds
that measured 36 mm in diameter were completely cov-
ered with new mesothelium at day 8. The intact perito-
neum adjacent to the wound (1-3 mm) formed the sec-
ond day after injury until completion of mesothelial
regeneration contained mitotic figures and evidence of
migratory activity. Differences between intact mesothe-
lial cells peripheral to the wound and the cytology of the
cells on the wound surface were distinct at day 3 after in-
jury. Thereafter, the cytologic differences between the
cell types became less evident as the cells on the wound
surface became more like mature mesothelial cells.

Raftery”! studied the regeneration of parietal and vis-
ceral peritoneum using scanning electron microscopic
evaluation of healing peritoneal defects in the rat.
Twelve hours after injury, numerous polymorphonuclear
leukocytes (PMNs) were seen intangled in fibrin strands.
Very little cellular infiltrate was found in the depths of
the wound compared to the wound surface. At 24 to 36
hours after wounding, the number of cells in the super-
ficial part of the wound was greatly increased; most of
the increase in cell number resulted from infiltration by
macrophages. The macrophages were intertwined with
the filaments of fibrin projecting from the wound
surface. The base of the wound remained relatively acel-
lular.

At 2 days most of the wound surface was covered with a
single layer of macrophages supported by a fibrin scaf-
fold. Two additional cell types were also seen on the
wound surface: a cell that looked like a primitive mes-
enchymal cell, which was also seen in small numbers at
the base of the wound, and islets of mesothelial cells that
were interconnected by desmosomes and tight junctions.
No basement membrane was evident beneath these cells.
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F1G. 1.6. Histology of cecum showing various stages of damage
and recovery after drying injury of surface: normal cecum (N);
immediately after drying (Oh); 4 hours (4k); 1 day (Id); 3 days
(3d); 4 days (4d); 5 days (5d); 7 days (7d). X400.70

Three days after injury the number of primitive mes-
enchymal cells on the wound surface increased, although
macrophages were still the most prevalent cell type. The
base of the wound contained scattered mesenchymal
cells and some proliferating fibroblasts. The cells on the
wound surface at 3 days were similar in appearance to
cells in the deeper layers of the wound and were similar
to primitive mesenchymal cells.

At 4 days, cells resembling primitive mesenchymal cells
or proliferating fibroblasts on the wound surface were in
contact with one another. In some areas healing ap-
peared complete at 5 days, as a single layer of mesothe-
lial cells was present on the wound surface intercon-
nected by desmosomes and tight junctions. No basement
membrane was found beneath the mesothelial cells of
parietal peritoneum or cecum at this stage, although one
was often present beneath those covering the liver. Thus,
peritoneal healing of parietal peritoneum was associated
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with basement membrane formation at this time, in con-
trast to visceral peritoneum which although similar in
appearance on the surface did not contain a basement
membrane.

In other areas healing was far less advanced. Primitive
mesenchymal cells were present both on the surface and
in the base of the wound. At days 5 to 6, the number of
macrophages was clearly decreased from the wound sur-
face while most of the wound surface was covered by
mesothelial cells. At day 7 after surgery, the appearance
of the wound resembled that of day 6 except that a dis-
continuous basement membrane was now evident be-
neath the mesothelial cells lining the parietal perito-
neum and covering the cecum. At day 8 a continuous
layer of mesothelial cells was present over the wound sur-
face.

A single layer of mesothelial cells resting on a continu-
ous basement membrane was seen at day 10. Fibroblasts
in the base of the wound were arranged with their long
axis parallel to the wound surface, and bundles of colla-
gen were present between the fibroblasts.

Watters and Buck¢ studied peritoneal repair after re-
moval of only the surface layer of mesothelium. Special
attention was given so as not to damage the underlying
connective tissues. The denuded areas were examined by
scanning electron microscopy through 7 days. Normal
parietal mesothelial surface of the rat peritoneal cavity
contained a mat of microvilli that obscured the contour
of the cells to which they were attached. New cells were
seen in the surface at 30 minutes after injury; at 8 hours
most of the surface contained new cells with a variety of
forms. These authors found a more rapid recovering of
the damaged peritoneal surface than other investigators,
perhaps because the depth of the injury was less. These
new cells were scattered over the entire surface of the in-
jured site. At 3 days after surgery many of the surface
cells contained short microvilli, which increased in
length by 4 days. A virtually normal appearance via scan-
ning electron microscopy (SEM) was apparent at 7 days.

Visceral Versus Parietal Peritoneum

Visceral peritoneum appears to differ little in its healing
properties from the parietal peritoneum. Light mi-
croscopy indicates that the liver acquires a new mesothe-
lial covering 1 day earlier than either cecum or parietal
peritoneum.”! A discontinuous basement membrane is
present beneath mesothelial cells covering the liver at
5 days. In contrast, discontinuous basement membrane
does not form beneath the mesothelial cells of the pari-
etal peritoneum or cecum until 7 days after surgery.
Raftery hypothesized that the liver (viscera) provides a
firmer substrate for development of a new mesothelium
than either the parietes or the cecum, both of which are
subject to greater distension.
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By the fifth day after injury, differences between pari-
etal and visceral peritoneal repair are evident. On the
surface of wounds in the parietal peritoneum, cells ap-
pear to be uniform, containing many microvilli resem-
bling proliferating fibroblasts connected by tight junc-
tions. On the surface of the visceral peritoneal wounds, a
continuous layer of mesothelial cells forms, joined to-
gether by tight junctions or desmosomes. Although a
basement membrane is present beneath some of the
mesothelial cells covering the liver at this stage, frequent
breaks in the basement membrane occur. Basement
membrane can be found beneath the mesothelial cells
of the new visceral peritoneum but not beneath the pari-
etal peritoneum.

Seven days after injury, continuous layers of mesothe-
lial cells cover the surface of both the visceral and pari-
etal peritoneum. A basement membrane forms beneath
the mesothelial cells in most areas but gaps are still visi-
ble. Dense bundles of collagen are present at the base-
ment membrane formed primarily by fibroblasts. By the
eighth day, the basement membrane beneath the meso-
thelial cells of both types of peritoneum is continuous.

Neonate

Intestinal obstruction caused by adhesion formation was
reported to be more prevalent after abdominal surgery
in the infant or neonate in comparison to the adult.72
Peritoneal repair occurs more rapidly in the immature
rat than in mature animals.67 Accordingly, peritoneal
healing in the neonate or pediatric patient manifests a
clinically different response to injury in comparison to
reperitonealization in the adult.

Raftery?3 described the healing of visceral and parietal
peritoneum in the immature rat at various times after
standardized surgical injury to the liver capsule and pari-
etal peritoneum. Although the wounds looked hemor-
rhagic and uneven 24 hours after injury, they were
smooth and glistening at 3 days, and usually indistin-
guishable from the normal surrounding parietal perito-
neum at 5 days. The cellular changes that accompanied
these gross morphologic changes were the same as those
described for the adult rat except that mesothelial regen-
eration occurred more rapidly. By 2 days after injury, the
acute inflammatory response had subsided, leaving pri-
marily macrophages and fibroblasts on the wound sur-
face.

Active fibroblast proliferation occurred at the base of
the wound. By 5 days the number of macrophages had
diminished, leaving only fibroblasts. These fibroblasts
came together to form the new mesothelium by 7 days,
compared with 8 days in the adult. In the case of visceral
peritoneum, mesothelial regeneration was complete by
5 days compared to 7 days in the adult rat. Again, there
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was no difference in the rate of healing between large
and small peritoneal defects.

Source of New Mesothelial Cells

Difficulties of tissue preparation and identification of
primitive cell types, as well as availability of vascular and
peritoneal fluid and adjacent tissue, have caused the
healing of peritoneal defects (i.e., the cytology or histol-
ogy of peritoneal repair or mesothelial regeneration) to
remain a controversial subject (Table 1.3; Fig. 1.7A-D).
Some investigators have suggested that cells detach from
the adjacent intact peritoneum and become implanted
on the wound surface where they proliferate to form a
continuous layer of mesothelium.74,75

Ellis et al.67 assessed the origin of the cells that form
the surface of healed peritoneal defects by staining the
cells which remained with trypan blue after excision of
parietal peritoneum in rats. On day 3, the entire defect
was covered by a sheet of cells. Trypan blue was not de-
tected by microscopy in any of the cells covering the
wound. By day 5, the new surface mesothelium achieved
continuity with the surrounding edges of the previously
undamaged mesothelium. By 7 to 10 days, no evidence
of mitosis was evident within the wound base or surface
nor along the margins of the previous uninjured perito-
neum. A similar experiment was performed on another
group of rats in which a polythene sheet was placed over
the peritoneal defect after injury and sutured in place.
Up to 2 weeks after injury, the surface of the polythene
was covered by macrophages without appreciable num-
bers of fibroblastic or mesothelial cells. The cells that
did cover the polythene were separated by large areas of
fibrin. At 3 to 4 weeks after injury the wound surface be-
came covered with mesothelium.

Thus, new peritoneal cells do not arise to any signifi-
cant degree by the centripetal spreading of the mesothe-
lial cells surrounding the wounded area as they are
distributed rather uniformly at an early stage over the
wound surface.”6 Cells are scattered over the entire sur-
face as early as 30 minutes after injury. Initially, these
cells are morphologically distinct from normal mesothe-
lial cells at the time of their first appearance. After sev-
eral days they appear to develop the characteristics of
mesothelium. The mesothelial cell is capable of con-

TABLE 1.3. Five possible methods of mesothelial regeneration

1. Transformation of underlying mesenchymal stem cells into a new
peritoneal membrane67.68,78,79,149

2. Growth from cells at the periphery of the defect67,68,70,74

3. Transformation of blood cells into a new peritoneal membrane67,74

4. Transplantation of cells from peritoneal surfaces of adjacent
viscera70

5. Transformation of cells from the peritoneal fluid to peritoneal
cells70
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tributing to the repair process by the release of local fac-
tors including prostaglandin E9 (PGEy).77

Some investigators consider that metaplasia of fibro-
blasts within the loose connective tissue beneath the sur-
face of the peritoneum leads to mesothelial regenera-
tion.67.78,79 Electron microscopic observations identify
undifferentiated primitive mesenchymal cells in the
perivascular connective tissue, suggesting that these cells
may also contribute to the new mesothelial cells. Further
experimental evidence for this hypothesis was provided
by Ellis et al.,67 who postulated that peritoneal reforma-
tion results from transformation of subperitoneal fibro-
blasts into an intact mesothelial layer. This idea sup-
ported the work of Robbins et al.,’8 who theorized that
new peritoneum arose from the transformation of under-
lying connective tissue cells. Ellis’ work was confirmed by
Raftery,71.73 who further noted that peritoneum appears
to arise by metaplasia of subperitoneal fibroblasts.

Direct support for the role of mesenchymal stem cells
(MSC) arising from within the adjacent peritoneum to
form mature mesothelial cells was provided by transplan-
tation of MSCs into the abdominal cavity of rats at differ-
ent times after surgery. MSCs given 4 to 5 hours after
surgery increased formation of postoperative adhesions,
perhaps by means of direct implantation on preexisting
fibrin strands.” However, when MSCs were injected im-
mediately after surgery, a significant reduction in adhe-
sion formation occurred with half the rats remaining ad-
hesion free (Fig. 1.8). These results suggest that stem
cells contribute to postsurgical remesothelialization as
well as to adhesions once fibrin bridges are available for
their implantation.

Still others favor the concept that mesothelial regener-
ation results from differentiation of peritoneal cells:
such cells settle on the denuded surface where they
spread out and attach to one another. Evidence also ex-
ists that free peritoneal cells provide a source of regener-
ated mesothelium: denuded parietal mesothelial sur-
faces were very quickly (within 4 hours) covered with
new cells initially; at 24 hours after peritoneal injury, flat-
tened cells (with both microvilli and folds) became pro-
gressively more plentiful; and by 3 days, many cells were
extremely flat and were studded with short microvilli,
which elongated over the next few days.4 Johnson and
Whitting74 suggested that implantation of free cells from
the peritoneal cavity may give rise to new mesothelium.
They observed islands of proliferating surface cells on
wounds of the liver surface, and concluded that these
were mesothelial cells that had detached from adjacent
areas of peritoneum.

Summary

New mesothelial cells may have multiple sources: (1) trans-
formed peritoneal cells, (2) metaplasia of subperi-
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F1G. 1.7. A. Representation of the peritoneum, as it covers the
pelvic sidewall. All pelvic and abdominal organs, except the
ovary, are covered by a true peritoneum. The surface of the
peritoneum is composed of mesothelial cells, which are sup-
ported by a scaffold of connective tissue (white strands). The
rich microcirculation supplying the peritoneum is shown in
red. Scattered within the connective tissue are mesothelial stem
cells (green), which may be progenitors of the mature mesothe-
lial cells. B. After a localized trauma to the peritoneum occurs,
the injured mesothelial cells desquamate, leaving a denuded
area. The border of this damaged site contains dying cells. This
process of reepithelialization is initiated by the local produc-
tion of chemotactic messengers that arise from the coagulation
process. C. Healing of the peritoneum occurs primarily by
reepithelialization of the damaged site. New mesothelial cells
are attracted to the site of injury by chemotactic messengers re-
leased by platelets, blood clots, or leukocytes within the injured
tissue. At this point, healing of the peritoneum differs from

toneal connective tissue cells, (3) maturation of mes-
enchymal stem cells, or (4) adjacent normal perito-
neum. Primitive mesenchymal cells identified on the
wound surface in the early stages of healing may differ-
entiate into mesothelial cells. Whether these cells are
differentiated fibroblasts or undifferentiated multipo-
tential mesenchymal stem cells is unclear. However,
cells that comprise the surface of the new peritoneum
are probably neither macrophages nor cells from the
peritoneal fluid or adjacent to the surface edge of the
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that of skin. With skin, healing occurs at the periphery of the
injury. As a result, the duration of healing directly correlates
with the size of the injury; larger injuries take longer to heal
than smaller ones. In contrast, reepithelialization of peritoneal
injuries occurs by the formation of multiple “islands” of new
mesothelial cells scattered upon the surface of the perito-
neum. The source of these epithelial cells, which is controver-
sial, includes adjacent normal mesothelial cells and mesothe-
lial stem cells. The mesothelial cells in each “island” continue
to divide until the surface of the entire site of injury is covered
by new mesothelium. D. Under conditions in which normal
fibrinolytic activity occurs, mesothelial cell proliferation results
in reepithelialization of the injured site. The surface of perito-
neal injuries is typically reepithelialized 5-7 days after surgical
injury. Beneath the surface, remodeling of collagen and other
connective tissue proteins continues for a few months. Please see
insert for color reproduction of this figure.

injury which have migrated, become adherent to the
wound site, and then differentiated into mesothelium.
Thus, the origin of new mesothelium remains circum-
spect because of difficulty in distinguishing between
primitive mesenchymal cells and proliferating fibro-
blasts in the later stages of healing. It is possible that the
former give rise to the latter, but definitive evidence for
this is lacking. Substantial evidence exists of a role for a
variety of cell adhesion molecules including integrins
and other fibronection-interacting proteins in the
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F1G. 1.8. Role of mesenchymal stem cells (MSC) in reduction of
formation of postoperative intraperitoneal adhesions.”? At dif-
ferent times after standardized trauma to the peritoneum, vary-
ing numbers of MSCs or smooth muscle cells were placed in
the peritoneal cavity of animals. Subsequent determination of

process of peritoneal repair and adhesion formation.80
These subjects are addressed in detail in Chapters 3
and 4. Cytokines, integrins, fibrin, and proteases are
also an integral part of peritoneal repair and adhesion
formation. As such, their role in peritoneal repair is re-
viewed in Chapters 5, 6, and 7.

Surgical Injury and Electrocautery

Elkins et al.81 compared the response of rabbit perito-
neum to a variety of injuries: excision, abrasion, electro-
cautery, linear incision (with 2-0 polyglycolic acid), and
without suture closure. Throughout the first 12 hours af-
ter injury, all four peritoneal injury sites contained poly-
morphonuclear leukocytes, surface fibrin deposit, white
cell exudate, and both muscle and mesothelial tissue
necrosis. Surface fibrin disappeared by 24 hours post
surgery and the other reactions slowly diminished. In
contrast, the electrocautery or burn injuries persisted
throughout the 3-week study period.

The area of peritoneal excision without suture closure
contained tissue necrosis by 24 hours and at 48 hours
was the first injury site to contain fibroblasts and consis-
tent mesothelial reepithelialization. Secondary cellular
infiltrates of macrophages and plasma cells were noted
by 48 hours, and collagen formation was present at 5
days. Gross healing was present at 5 days. By 7 days, tissue
necrosis was resolved, and at 21 days after surgery this in-

adhesion scores showed that MSCs are associated with adhe-
sion formation if added 3-5 hours postoperatively, consistent
with the hypothesis of MSC implantation onto preexisting fib-
rin bridges as an early determination of adhesion formation.

jury site was the only one with abundant fibroblasts and
subepithelial collagen. Healing appeared to occur by
proliferation and metaplasia of mesothelial cells. The
peritoneal excision site showed less inflammatory reac-
tion and more prompt reepithelialization than the other
peritoneal injury sites.

Where sutures were used to close the peritoneal inci-
sion, early inflammatory changes were similar to those
observed after other peritoneal injuries. At 24 hours af-
ter surgery, there were some early signs of reestablished
mesothelial integrity, although this was not a consistent
finding until 48 hours after surgery. Collagen formation
became apparent at 5 days post surgery. The major dif-
ference between this site and the peritoneal excision site
without repair was the presence of an intense foreign-
body reaction surrounding the sutures. This ongoing
tissue reaction persisted at 5 days, as evidenced by a
foreign-body granuloma, and at 3 weeks postoperatively,
as seen by the presence of fat necrosis. Gross healing was
present at 2 to 3 weeks.

Elkins et al.81 and Bellina et al.82 both noted, at the
sites of peritoneal cautery and suture repair, deep sub-
mesothelial hemorrhage and necrosis that prolonged
the duration of inflammation and associated delay in
collagen deposition. The sites of cauterization contained
tissue necrosis and inflammation 3 weeks after surgery.
Cauterization of peritoneal injury induced more tissue
damage than other types of wounding. Early collagen de-
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position was noted at 5 days after surgery. However, at
3 weeks these lesions contained PMNs, tissue necrosis,
and granulation tissue, with no fibroblasts and minimal
collagen formation. Thus, healing at the cauterized site
was not completed by 3 weeks after surgery. Elkins et
al.81 found that mesothelial regeneration was also de-
layed after peritoneal damage by electrocautery. Perito-
neal repair after cauterization by electrical current or
laser is complicated by carbonization: the black-brown
tissue rests in the area of the wound. Carbon induces an
inflammatory reaction, leading to giant cell formation
that is required to phagocytize the foreign body, thereby
further delaying mesothelial repair.

Filmar et al.83 compared the histology of uterine horn
repair in rats after incision with the carbon dioxide laser
or microcautery. Incisions were reapproximated with
10-0 nylon sutures. Although the general appearance of
the scars and the amount of collagen that accumulated
during a 21-day observation period were similar, foreign-
body reaction as measured by histocyte and giant cell in-
filtration was significantly greater in the electrocautry
group. Carbon particles that formed in response to
cautery may lead to formation of foreign-body granulo-
mas. Cutting with the carbon dioxide laser caused signif-
icantly more necrosis and foreign-body reaction than
cutting with microscissors. Sharp mechanical transection
was followed by the least amount of tissue reaction or
necrosis and an absence of particulate carbon. Mont-
gomery et al.84¢ compared the healing pattens of canine
uterine peritoneum and myometrium after injury by
COq laser, scalpel, or an electric knife standardized to a
3-cm incision. Their observations confirmed those of
other investigators in that necrosis was less with the
scalpel than either the COq laser or electric knife.

Adhesion Formation

A major clinical problem relating to peritoneal repair is
the formation of intraabdominal and pelvic adhesions.
Although the term “adhesions” is used in reference to
ophthalmic, orthopedic, central nervous systems, cardio-
vascular, and intrauterine repair processes, the forma-
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tion of peritoneal adhesions is unique and specific to
the peritoneal response to injury.

Incidence

The most common cause of peritoneal adhesions is prior
surgery.85 Perry et al.86 found that of the 388 patients
with abdominal adhesions whom he surveyed, 79% had
a history of surgery, 18% had a history of inflammatory
disease, and 11% had congenital adhesions. In a further
analysis of patients with adhesions related to inflamma-
tory disease, Perry reported that 42% had acute appen-
dicitis, 14.5% had diverticulitis, and the remaining pa-
tients had pelvic inflammatory disease, cholecystitis, and
Crohn’s disease. Raf87 reported that 86% of patients
with adhesions had a history of peritoneal surgery. In a
survey of 142 patients with obstruction of the small intes-
tine caused by adhesions, Nemir88 reported that 73%
had prior surgery, 20% had inflammatory disease, and
6% had congenital adhesions. In a prospective analysis
of 210 patients undergoing laparotomy who previously
underwent 1 or more abdominal operations, 93% had
intraabdominal adhesions, compared with 115 first-time
laparotomies in which only 10% of patients had adhe-
sions.89 Bowel obstruction from adhesion is most preva-
lent in the pediatric age group, where 8% of neonates
undergoing abdominal surgery were shown in one study
to require a future laparotomy for this complication.90
Adhesions occur in 55%-100% of fertility-enhancing
procedures as determined by second-look laparoscopy
performed in a number of large, multicenter studies91,92
(Table 1.4). Diamond et al.93 used second-look laparos-
copy to evaluate the location of adhesions in 161 infertil-
ity patients after reproductive pelvic surgery. Of the
pelvic sites that did not contain adhesions at the time of
the initial procedure, 50% developed adhesions follow-
ing this procedure. In a prospective study of 955 patients
undergoing laparoscopic sterilization, Szigetvari et al.9
confirmed that significant adhesions were more fre-
quent among patients with prior pelvic or abdominal
surgery (28% versus 2% in the no-prior-surgery group).
DeCherney and Mezer% found that 75% of the 61 infer-
tile females they evaluated after salpingostomy con-
tained adhesions on follow-up laparoscopy. An adhesion

TABLE 1.4. Occurrence of adhesions at second-look laparoscopy (SSL) in patients undergoing fertility-enhancing procedures

Time from Total no. Total no. % with
Reference initial procedure of patients with adhesions adhesions
Diamond et al. (1987)93 1-12 weeks 106 91 86
DeCherney and Mezer (1984)9% 4-16 weeks 20 17 75
1-3 years 41 31 76
Surrey and Friedman (1982)175 6-8 weeks 31 22 71
>6 months 6 5 83
Pittaway et al. (1985)124 4-6 weeks 23 2 100
Trimbos-Kemper et al. (1985)178 8 days 188 104 55
Daniell and Pittaway (1983)173 4-6 weeks 25 24 96
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TABLE 1.5. Comparison of adhesiolysis hospitalizations in the United States in 1988 and 1994

Hospitalization rate

Expenditures (1994, $million)*

Year  Adbhesiolysis hospitalization (per 100,000 persons) Hospitalization Surgeon Total
1988 Primary procedure 22.16 769.8 45.3 815.1
Secondary procedure 93.35 431.3 190.7 622.0
Total 115.51 1,201.1 236.0 1,437.1
1994 Primary procedure 22.49 715.2 48.7 764.0
Secondary procedure 94.85 356.3 205.6 561.9
Total 117.34 1,071.5 254.3 1,325.9

aExpenditures were calculated based on inpatient cost per day of $1,226 and surgeon cost of $837.98.99

formation rate of 54% after cesarean section was re-
ported in a retrospective study in which adhesion assess-
ment was made via laparoscopy at the time of tubal steril-
ization.% Most of these adhesions occurred in the
anterior pelvis. Repeat cesarean sections are associated
with adhesion formation in the majority of cases, with
the bladder and omentum the most commonly involved
anatomic sites.%7 Appendectomy and gynecologic surgery
are the surgical procedures most frequently implicated
in the formation of clinically significant adhesions.87

Health Care Cost of Adhesions

Adhesiolysis procedures in the United States associated
with the female reproductive system, hepatobiliary sys-
tem, and pancreas accounted for $166.9, $25.4, and
$332.2 million, respectively, in 1988 (Table 1.5).98 Using
prevalence-based cost-of-illness methods, a cross-sectional
study was designed to estimate inpatient expenditures as-
sociated with adhesiolysis for all persons in the United
States in 1994. Although representing only 1% of all hos-
pitalizations, lysis of adhesions was found to contribute
$1.33 billion to health care expenditures in 1994, of
which 58% was hospitalizations precipitated by adhesiol-
ysis and 42% was for adhesiolysis performed as a sec-
ondary procedure.99 Similar reports from Sweden100,101
and Holland (see Chapters 27 and 30) confirm the sub-
stantial cost of adhesions to health care.

Diagnosis

In general, diagnosis of adhesion is made either under
consciousness sedation via small-diameter laparoscopy or
under general anesthesia (laparoscopy, laparotomy). Ad-
hesions cannot definitively be diagnosed by noninvasive
means. Workers have used ultrasound to assess the move-
ment of viscera against the parietal peritoneum (visceral
slide test) to predict the presence of adhesion to the an-
terior abdominal wall.102 Viscera slide either occurs
spontaneously as a result of respiratory movement or
may be induced by manual ballottement (Fig. 1.9). Ad-
hesions between the abdominal contents and the ante-

F1G. 1.9. Manual compression (left arrow) of the abdominal wall
produces induced viscera slide (right arrow) beneath the trans-
ducer. The direction of the compressive force lies along the
scan path of the transducer (linear axis of the transducer).102

rior abdominal wall often tether the viscera to the wall,
resulting in viscera slide restriction (Fig. 1.10). During
longitudinal ultrasound scanning, normal spontaneous
viscera slide (produced by respiratory movement)
ranges from 2 to 5 cm or more in distance. During either
longitudinal or transverse scanning, normal induced vis-
cera slide (produced by manual compression) can ex-
ceed 1 cm in distance. Restricted viscera slide is an ultra-
sonically detected reduction in viscera slide excursion of
less than 1 cm for both spontaneous and induced viscera
slide.102,103

Morphogenesis of
Adhesion Formation

Adhesion formation typically occurs when two injured
peritoneal surfaces are apposed.104105 The initiation of
adhesion formation begins with formation of a fibrin
matrix, which typically occurs during coagulation (Fig.
1.11) in the presence of suppressed fibrinolysis. Surgical
injury of tissue reduces or eliminates blood flow, thereby
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F1G. 1.10. Schematic drawing of viscera slide (AW, abdominal
wall; V] viscera). A. Normal viscera slide showing a wide excur-
sion (long arrows) of the viscera. B. Restricted viscera slide

producing ischemia, which leads to local persistence of
fibrin matrix (Fig. 1.12). This matrix is gradually re-
placed by vascular granulation tissue containing macro-
phages, fibroblasts, and giant cells. The clots are slow to
achieve complete organization. In the process, they con-
sist of erythrocytes separated by strands or condensed
masses of fibrin, which are covered with two or three lay-
ers of flattened cells and contain a patchy infiltrate of
mononuclear cells (Fig. 1.13). Eventually the adhesion
matures into a fibrous band, often containing small nod-
ules of calcification. The adhesions are often covered by
mesothelium and contain blood vessels and connective
tissue fibers, including elastin. Even at 6 months, collec-
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FiG. 1.11. Change in the relative number of cellular elements
and fibrin deposition at the site of peritoneal injury in mature
rats during the course of reepithelialization.67.73.74
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caused by an adhesion to the abdominal wall (within circle)
that is characterized by a shorter excursion of viscera (short ar-
rows) .102

tions of hemosiderin-filled macrophages are present in
many adhesions.

Nerve fibers were found in pelvic adhesions from 17
patients, 10 of whom had a history of pelvic pain.106
There was no significant correlation of pelvic pain with
the number of adhesions containing nerve fibers or in
the presence of mesothelial proliferation, calcification,
edema, vascularization, inflammation, fibroblastic pro-
liferation, or collagenization. These results were con-
firmed and extended by Tulandi et al.,107 who addition-
ally noted the presence of inflammatory cells in adhesions
concomitant with endometriosis but not in adhesions as-
sociated with other disease states.

Milligan and Raftery108 described the histologic and
morphologic features of postsurgical adhesion forma-
tion in rats using light and electron microscopic tech-
niques. They compared adhesions arising from the liver,
cecum, and ileocecal junction using both peritoneal
abrasion and stripping techniques to create petechial
bleeding or a clear, well-demarcated peritoneal defect.
Rats were killed at 7 or 14 days or at 1 or 2 months after
the initial trauma. At days 1 to 3, the adhesion was char-
acterized by a variety of cellular elements encased in a
fibrin matrix. The cells were primarily PMNs but also in-
cluded macrophages, eosinophils, red blood cells
(RBC), and tissue debris as well as necrotic cells presum-
ably desquamated from the peritoneal injury. By 4 days,
macrophages were the predominant leukocyte in the fib-
rin mesh, which primarily contained large strands of
fibrin associated with a few fibroblasts. A few mast cells
were seen at day 5, and unorganized fibrin was not ap-
parent. In contrast, many fibroblasts were lying together,
assuming the formation of a syncytium together with
macrophages. Distinct bundles of collagen were evident
as were scattered foreign-body granulomas. At 7 days,
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F1G. 1.12. Summary of normal tissue repair and adhesion for-
mation following surgical trauma. After trauma to the perito-
neum, increased vascular permeability, mediated by histamine,
produces an inflammatory exudate and formation of fibrin
matrix. As with other parts of the body, this fibrin matrix is nor-
mally removed by fibrinolysis. Under normal conditions,
where fibrinolytic activity is allowed to occur, fibroblast prolif-
eration results in remesothelialization. However, under the is-
chemic conditions present in surgical trauma, fibrinolytic activ-
ity is suppressed and fibrin is allowed to persist. Once the
fibrin bands are infiltrated with fibroblasts, they become orga-
nized into adhesions.

collagen and fibroblasts were the predominant compo-
nents of the adhesion. However, small vascular channels
containing endothelial cells were present. The number
of mast cells slightly increased between 2 weeks and
2 months. During this interval the cellularity of the ad-
hesion was replaced almost entirely by collagen fibrils as-
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FiG. 1.13. Schematic representation of fibrin gel matrix forma-
tion. Fibrinogen deposited on the surface of injured perito-
neum interacts with thrombin to become the soluble polymer
fibrin, which is further modified to an insoluble form. To-
gether with fibronectin, the insoluble fibrin polymer and cel-
lular debris form the fibrin gel matrix, which provides the scaf-
folding for intraperitoneal adhesion formation. Frequent
irrigation during surgery can remove the soluble polymer; de-
lays in irrigation reduce the removal of deposited fibrin be-
cause it is converted into an insoluble form.

sociated with macrophages. Occasional macrophages
and lymphocytes persisted for about 2 weeks.

The minimum postoperative interval required for the
use of an impermeable barrier to prevent adhesion for-
mation was established.109 By removing a Silastic sheet 6,
12, 18, 24, 30, 36, 72, or 96 hours after peritoneal injury,
the incidence of adhesions dropped from 100% to 0%
during the first 36 hours (Fig. 1.14).

Electron Microscopy

A wide heterogeneity exists among adhesions when ex-
amined by electron microscopy.108 Two days after injury,
fibrin appears as fibrils. The number of macrophages
exceeds the number of PMNs, and a scattering of
eosinophils is present throughout the damaged perito-
neum. Fibroblasts and collagen are found; however, fi-
broblasts appear in areas not associated with eosinophils.
Early on there is no evidence of mesothelial cell attach-
ment to the surface of the adhesion. By 4 days, most of
the fibrin is gone and larger numbers of fibroblasts and
collagen are present. Through days 5 to 10, fibroblasts
become aligned and collagen deposition and organiza-
tion advance (Fig. 1.14). The other cells involved at this
time include macrophages and eosinophils. Similar stud-
ies performed by Abe and diZerega also identified the
presence of eosinophils in adhesions that formed in the
peritoneal cavity of rabbits after surgical injury.110 At
2 weeks the relatively few cells present are predomi-
nantly fibroblasts, and 1 to 2 months after injury the
collagen fibrils are organized into discrete bundles inter-
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posed by spindle-shaped fibroblasts and a rare macro-
phage.

Mast Cells and Adhesion

Mast cells are involved in peritoneal inflammation result-
ing from either immunologic stimulation!11 or chemical
irritation.112 In addition, mast cell degranulation has
been documented after simple handling of the intes-
tine.113,114 The effects of perioperative mast cell stabiliza-
tion on the formation of intraabdominal adhesions and
on mast cell degranulation were assessed in the rat.115
The rats were treated with saline or one of two mast cell
stabilizers, disodium cromoglycate (DSCG) or ne-
docromil sodium (NED), intraperitoneally 30 minutes
before laparotomy and at the time of abdominal closure.
The adhesions were assessed blindly 1 week later using a
standardized scale. When the results in rats treated with
DSCG were compared with those obtained in rats treated
with saline, the DSCG-treated rats had significant attenu-
ation of adhesion formation. The application of NED
decreased adhesions in a dose-response fashion. Histo-
logic analysis using toluidine blue staining was per-
formed to assess the effect of DSCG on mast cell degran-
ulation in the same adhesion model. DSCG significantly
decreased the number of degranulated mast cells in the
bowel wall when compared with saline. Thus, mast cells
may play a role in the inflammatory process leading to
adhesion formation.

Fibrin
Fibrinous exudate is a necessary precursor for adhesions
(Fig. 1.15). Highly mobile intraperitoneal structures will

F1G. 1.14. Kinetics of adhesion forma-
tion. Removal of silastic barrier from be-
tween two wounded surfaces at various
times after injury documented the sus-
ceptibility of wounds to form adhesions
as a function of time.110

FiG. 1.15. After trauma to the peritoneum, there is increased
vascular permeability, medicated by histamine, which often
produces an inflammatory exudate and the formation of a fib-
rin matrix. Frequently, this fibrin matrix interconnects two ad-
jacent pelvic structures, leading to the formation of fibrin
bands. These fibrin bands are usually resolved by fibrinolysis,
converting the large fibrin molecules into small fibrin-split
products that are readily removed from the peritoneal cavity.
Under the ischemic conditions present after surgical trauma,
fibrinolytic activity is suppressed, which results in persistence
of the fibrin bands. Once the fibrin bands are infiltrated with
fibroblasts, they become organized to form what are clinically
identified as adhesions. Please see insert for color reproduction of

this figure.

not permanently adhere to each other unless held in
continuous, close apposition until fibroblast invasion
leads to collagen deposition, beginning on the third
postoperative day. Thus, the crucial consideration is the
factor which determines whether the fibrin bridge is ab-
sorbed, or persists and is organized.116-119
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Further evidence for the role of fibrin in the forma-
tion of adhesions comes from the observation that use of
defibrinated blood or blood products is less frequently
associated with adhesion formation. Serosal injury, al-
though relatively innocuous per se, readily leads to adhe-
sions if combined with blood products. Peritoneal injury
sufficient to produce adhesions requires removal of the
mesothelial surface: not only drying but even prolonged
moistening is sufficient to denude the surface of perito-
neal mesothelium.120 Plasma alone on dried areas cre-
ates fibrinous attachments, most of which disappear
within a few days. Fibrin provides the initial bridge be-
tween two surfaces; when the bridge is made of fibrin
only, it is amenable to lysis by fibrinolytic mechanisms,
but when it contains cellular elements (erythrocytes,
leukocytes, platelets, etc.) within the fibrin it will likely
undergo organization into an adhesion. Under these ex-
perimental conditions, (1) desquamation of mesothelial
cells appears to be the critical event in adhesion forma-
tion and (2) adhesions apparently develop only when
two denuded surfaces are involved.

Foreign Body

The most common foreign body that leads to adhesion
formation is starch or other particulate from glove pow-
der, suture, and lint from drapes!?! (see also Chapter
11). Schade and Williamson122 evaluated the temporal
course of adhesion formation in rats after the addition
of foreign body (colloidal silica oxide) into the perito-
neal cavity. Three phases were discernible in adhesion
induced by foreign body. The first phase (0 time-
7 hours) involved degeneration and desquamation of
mesothelial cells. In the second phase (7 hours-10 days),
fibrin deposition on exposed basement membrane led
to formation of fibrinous adhesions. This transformation
of fibrinous exudate into fibrous adhesions occurred
over an extended period of time (10 days-1 month).

Predisposing Factors

In two large surveys, postsurgical adhesion formation
did not appear to be age dependent85.86; however, no
prospective evaluation of the effect of age on adhesion
formation is available. Weibel and Majno85 reported a
slightly higher frequency of “spontaneous” adhesions
(i.e., those adhesions that form without any apparent
cause) after 60 years of age.

There does not appear to be a sex bias in the develop-
ment of postoperative adhesions. Weibel and Majno85
reported a slightly higher frequency of adhesions among
male patients. After excluding adhesions resulting from
gynecologic procedures, Raf87 reported that the inci-
dence of intraperitoneal adhesions was 47% in male pa-
tients and 53% in female patients.
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The omentum is particularly susceptible to adhesion
formation (Table 1.6). In Weibel and Majno’s studies,85
the omentum was involved in 92% of patients with post-
operative adhesions. The omentum was also the predom-
inant organ involved in “spontaneous” adhesions (i.e.,
those with no prior history of surgery); 100% of the 126
spontaneous adhesions examined by Weibel and Majno
involved the omentum. These reports raise the question
of omentectomy during pelvic surgery where postopera-
tive adhesion formation is likely to occur. With the ex-
ception of the omentum, the internal organs involved in
postoperative adhesions may vary as a function of the
surgical procedure. The small intestine was involved in
21% of the adhesions present after appendectomy but in
only 6% of those formed following gynecologic lapa-
rotomy; 47% and 19% of adhesions that form after ap-
pendectomy and gynecologic laparotomy, respectively,
involve the colon.123 The ovary, because of its close prox-
imity to the other peritoneal surfaces and the fragility of
the coelomic epithelium that covers the ovarian surface,
is the most common site for adhesions to form after re-
constructive surgery of the female pelvis (Fig. 1.16; Table
1.6).91-93 Ovarian adhesions were found at second-look
laparoscopy in more than 90% of cases after ovarian
surgery.124

Blood

The role of blood in the peritoneal cavity in the forma-
tion of adhesions is controversial. Hertzleré5 reported
that large volumes of clotted blood could be completely
absorbed by a normal peritoneum within 48 hours. Jack-
sonl25 found that 100 mL of free blood and a well-
formed clot were absorbed from the peritoneal cavity
within 8 days. Nissell and Larsson55 suggested that
trauma to the serosa rather than blood was the instigator
of adhesion formation. Bronson and Wallach,126 on the
other hand, finding no etiologic factor in 46% of their
infertile patients with pelvic adhesions, suggested that

TABLE 1.6. Incidence of adhesions at initial surgery and follow-
up laparoscopy

Initial surgery? Follow-up laparoscopyb

Tissue No. % No. %
Ovaries 303/387 78 207/376 55
Fimbria 244/384 64 135/372 36
Cul-de-sac 87/208 42 42/208 20
Omentum 32/208 15 39/208 19
Colon 63/208 30 30/204 15
Small intestine 30/208 14 30/208 14
Pelvic sidewall 124/208 60 84,/208 40

aInitial surgery performed using COy laser plus 35% Dextran 70 or
nonlaser surgical technique with or without Dextran. Results are
pooled over three initial surgical procedure groups.

bWithin 12 weeks of initial surgery.

Adapted from Diamond et al.93
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ovarian bleeding associated with follicle rupture at the
time of ovulation may produce significant adhesion for-
mation.

Ryan et al.127 showed that blood may play an impor-
tant part in the pathogenesis of adhesions. Addition of
fresh blood to an otherwise uninjured peritoneal cavity
resulted in omental adhesions, and preformed clots pro-
duced widespread adhesions even without peritoneal in-
jury. When 0.2 to 2 mL of fresh blood was dripped onto a
dried peritoneal surface and allowed to clot, adhesions
formed at the site of injury. If peritoneum was excised,
the degree to which clot induced adhesion formation
was markedly enhanced. When addition of fresh blood
was delayed, adhesions formed if blood was added to the
injured site. The addition of blood alone without cecal
drying led to more limited adhesion formation. Serosal
damage, no matter how mild, may lead to adhesions in
the presence of blood. Clotted blood may constitute a

Gere S. diZerega

FiG. 1.16. Scanning electron photomicro-
graph of the junction between wiped and
unwiped surfaces of a human ovary (X150).
Inset 1. Cells retained in a surface cleft
(X55). 2. Scanning electron photomicro-
graph of the ovarian surface over a 20-mm
follicle (X48). Note the small patch of lost
cells. 3. Scanning electron photomicro-
graph of the ovarian surface over an old cor-
pus luteum (X9). Note the bridges over the
central healed stigma. Reepithelialization is
complete, but because of difficulty in re-
trieving this ovary at minilaparotomy, the
surface around the healed stigma lost cells.
4. Scanning electron photomicrograph of
the surface of an ovarian capsule (X170).
Note the lost cells and the migrating epithe-
lial cells. 5. Scanning electron photomicro-
graphs of the wall of a 16-mm follicle: (a)
note the different cell zones (darker regions
indicate flattened cells) (X 25); (4) junction
between the zones (X640). 6. Scanning
electron photomicrographs of an ovarian
capsule: (a) the whole surface is covered
with an epithelial layer (X140); () junction
between different cell zones (X90).199

fibrinous network upon which fibroblasts may prolifer-
ate, resulting in adhesions.5 Golan and Winston128 con-
firmed the findings of Ryan et al.,127 reporting that
blood in conjunction with trauma to the serosa is more
important in adhesion formation than either trauma
alone or trauma plus serum.

Fibrinolysis

The importance of fibrin disposition and fibrinolysis in
adhesion formation is discussed in detail elsewhere
(Chapters 8 and 9). In brief, functional fibrinolytic activ-
ity of peritoneum is present on all mesothelial surfaces
(Fig. 1.17) and is dependent primarily on the balance of
tPA and PAIs (tissue plasminogen activator and plas-
minogen activity inhibitors).129,130 The plasminogen-acti-
vating activity of the peritoneal exudate is reduced as
early as 6 hours after surgery and disappears at 24 to 48
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F1G. 1.17. The level of fibrinolytic activity of the human perito-
neum from biopsies.200 Biopsies of serosal peritoneum were ob-
tained from various sites during peritoneal surgery. Fibrinolytic
activity of human serosal peritoneum is primarily caused by
plasminogen activator.

hours. Although there is a transient reduction in the
concentration of tPA following surgery, the principal
cause of reduced fibrinolytic activity appears to be an in-
crease in concentration of both PAI-1 and PAI-2. The lev-
els of PAI-1 and PAI-2 in cell lines, including cultured hu-
man mesothelial cells, can be increased by the presence
of bacterial lipopolysaccharide and inflammatory media-
tors such as IL-1 and tumor necrosis factor (TNF). Such
molecules are present in the peritoneum following in-
flammation and may stimulate PAI-2, thereby inhibiting
lysis of fibrinous deposits within the abdominal cavity
and promoting adhesion formation.131

There is a wide variation in the volume of peritoneal
exudate among patients, which may affect the concen-
trations of individual fibrinolytic parameters and lead to
a reduction in functional fibrinolytic activity. Concentra-
tions of both PAI-1 and PAI-2 are increased in inflamed
peritoneum during appendicitis, in association with a re-
duction in peritoneal plasminogen-activating activity.
Thus, there appears to be a biphasic response to surgery
by the peritoneum; the early reduction in peritoneal
plasminogen-activating activity may be secondary to a re-
duction in tPA levels, whereas the subsequent loss of fi-
brinolytic activity probably arises from the dramatic in-
crease in PAI-1 and PAI-2 concentrations.130,132 Further,
differences in endogenous PAI (especially PAI-2) may
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lead to individual differences in tPA activity, resulting in
individual susceptibility to adhesion formation.

The recent availability of recombinant tissue plasmino-
gen activator (rtPA) has led to several studies demon-
strating that the administration of rtPA into the perito-
neal cavity in excess of the inhibitor activity will correct
the deficit in fibrinolytic activity and reduce or eliminate
adhesion formation.89 However, there is a significant re-
duction of both bursting strength and hydroxyproline
content in wounds from rats treated with intraperitoneal
rtPA. The levels of rtPA required to alter or prevent in-
traabdominal adhesion formation in animals also pro-
duce a significant impairment of the early phase of
wound healing, as measured by the wound content of hy-
droxyproline, and are close to the LDy, level because of
hemorrhage from disruption of coagulation.

TNF is a proinflammatory cytokine produced primar-
ily by macrophages following their activation. It has been
shown to increase the synthesis of PAI-1 by endothelial
cells in culture and to increase plasma PAI-1 levels fol-
lowing administration to rats and human volunteers.
TNF is present in human peritoneal drain fluid follow-
ing surgery. TNF production can be stimulated by bacte-
rial endotoxin (lipopolysaccharide) and other cytokines.
Such stimulants may be present during abdominal
surgery, often in large amounts. The time course of TNF
changes in human peritoneal fluid after surgery is analo-
gous to that seen in ascites after intraperitoneal adminis-
tration of endotoxin.131 The evidence is overwhelming
that transforming growth factor-B (TGF-B) is involved in
fibrosis!133 and adhesion formation.134

Peritoneal Closure

Adhesions, delayed healing, and wound breakdown are
often attributed to failure of peritoneal suturing or the
presence of deperitonealized areas within the abdomen.
To reconstruct the pelvis after removal of viscera and
peritoneum seems a logical procedure for good surgical
practice. However, examination of the data indicates
that approximation of peritoneum by sutures to cover
vascularized areas denuded by the previous dissection
may not facilitate repair. After resection of peritoneal tis-
sue, natural healing is associated with less adhesion for-
mation than occurs after reapproximation with staples
or sutures.135 There is no difference in adhesions to the
previous laparotomy incisions after closure with or with-
out peritoneal suturing.136

Animal Studies

The effects of peritoneal suturing on the healing of ab-
dominal wounds have been evaluated in a number of
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TABLE 1.7. Comparison of the use of suture on the finding of adhesions

Adhesions
Reference Group Study method Suture Suture % No. of suture
Chester et al.149 Dogs Peritoneal graft to bowel anastomosis Cotton 12/16 75.0 N/A
Thomas and Rhoads!50  Albino rats Oversew denuded Silk 20/27 74.1 8/28
Guinea pigs Bowel serosa 18/21 85.7 7/19
Trimpi and Bacon!44 Dogs Deperitonization Chromic 3/10 30.0 NA
Deperitonization plus colon anastomosis 10/10 100.0 NA
Tulandi et al.155 Infertility patients ~ Anterior peritoneal closure Plain catgut ~ 14/63 22.2 9/57

prospective clinical trials (Table 1.7). Ellis and Heddle137
observed no significant difference in wound dehiscence
or incisional hernia rates between groups in which the
peritoneum was sutured with chromic catgut or left un-
sutured during closure of paramedian and midline
wounds. Milewczyk138 found that adhesion formation in
the anterior peritoneum of rabbits occurred in 17 of 50
wounds that were sutured but in only 3 of 50 wounds not
sutured. Likewise, Swanwick et al.139 noted that 50% of
peritoneal closures in the horse developed adhesions
but in contrast only 27% of the unclosed peritoneums
developed adhesions. This significant difference indi-
cates that parietal peritoneum that has not been sutured
heals with fewer adhesions than sutured parietal perito-
neum. Similar results were reported by McDonald et
al.135 Resection of peritoneal tissue followed by natural
healing is preferable to reapproximation of free perito-
neal edges with either staples or sutures.140 In addition,
Hugh et al.140 demonstrated that peritoneal suture or
nonsuture produced no significant difference in postop-
erative pain scores or analgesic requirements. Long-term
follow-up (beyond 1-2 years) and hence late incisional
hernia rates were not reported in any studies.

The effects of suturing and stapling peritoneal edges
or excising, cauterizing, and abrading areas of perito-
neum on adhesion formation were evaluated by McDon-
ald in rabbits.135 Two weeks after peritoneal injury, the
amount of adhesion formation was noted. Resection of
peritoneal tissue with natural healing was preferable to
reapproximation of free peritoneal edges with either sta-
ples or sutures. Ling et al.141 assessed adhesion forma-
tion after peritoneal closure with absorbable staples and
found that absorbable staples were associated with in-
creased adhesion formation when compared to the
other methods of injury. The amount of adhesion forma-
tion correlates with the presence and quantity of suture
material.142 Sutured peritoneum is twice as likely to be
associated with adhesion formation that is associated
with postoperative bowel obstruction.143

Clinical Studies

Clinical reports after oncologic surgery demonstrate
normal healing of unsutured peritoneum.”578 No in-

stance of bowel obstruction occurred, and at later reop-
eration the surgical sites were covered by a smooth, glis-
tening peritoneal surface. Trimpi and Bacon!44 reported
49 cases of abdominoperineal resection of the rectum.
In 18 patients the peritoneal floor was closed and there
were 4 instances of intestinal obstruction; in 28 patients
no reperitonealization was performed and there were no
instances of obstruction. Ulfelder and Quinby!45 found
that, after combined abdominoperineal resection, 50%
of postoperative intestinal obstructions were caused by
incarceration of small bowel between sutures of the
newly constructed peritoneal floor. All experimental evi-
dence indicates that areas denuded of peritoneum will
heal satisfactorily78146-148 and that suturing of peri-
toneum actually increases the incidence of adhe-
sions.65.75,78,144,148-151

The value of peritoneal closure at the time of cesarean
birth was evaluated prospectively. Hull and Varnerl51 as
well as Pietrantoni et al.152 compared the clinical out-
come of postcesarean section patients who did or did not
undergo peritoneal closure. Closure of the peritoneum
extended the duration of the surgical procedure by
5 minutes. There were no differences between groups in
the incidence of postoperative wound infection, dehis-
cence, endometritis, ileus, or length of hospital stay.
Nonclosure of the visceral and parietal peritoneum after
low transverse cesarean section had no adverse effects on
recovery and decreased operating time. Similar studies
were conducted with abdominal hysterectomy!53-155
with the same conclusions. Thus, leaving the parietal
peritoneum unsutured is an acceptable way to manage
patients at cesarean delivery.

The effect of peritoneal closure after reproductive
surgery through a Pfannenstiel incision was studied by
second-look laparoscopy.152 No difference was found in
the length of hospital stay, incidence of wound complica-
tions, or other postoperative complications after abdom-
inal closure with or without peritoneal suturing. In other
clinical studies, no difference was found in postoperative
complications, wound healing, and adhesions to previ-
ous laparotomy incisions after closure with or without
peritoneal suturing. These observations were reported
for midline wounds by Hugh et al.140 and for closure of
lateral paramedian by Gilbert et al.156 In summary, pre-
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FiG. 1.7. A. Representation of the peritoneum, as it covers the
pelvic sidewall. All pelvic and abdominal organs, except
the ovary, are covered by a true peritoneum. The surface of the
peritoneum is composed of mesothelial cells, which are sup-
ported by a scaffold of connective tissue (white strands). The
rich microcirculation supplying the peritoneum is shown in
red. Scattered within the connective tissue are mesothelial stem
cells (green), which may be progenitors of the mature mesothe-
lial cells. B. After a localized trauma to the peritoneum occurs,
the injured mesothelial cells desquamate, leaving a denuded
area. The border of this damaged site contains dying cells. This
process of reepithelialization is initiated by the local produc-
tion of chemotactic messengers that arise from the coagulation
process. C. Healing of the peritoneum occurs primarily by
reepithelialization of the damaged site. New mesothelial cells
are attracted to the site of injury by chemotactic messengers re-
leased by platelets, blood clots, or leukocytes within the injured

FiG. 1.15. After trauma to the peritoneum, there is increased
vascular permeability, medicated by histamine, which often
produces an inflammatory exudate and the formation of a fib-
rin matrix. Frequently, this fibrin matrix interconnects two ad-
jacent pelvic structures, leading to the formation of fibrin
bands. These fibrin bands are usually resolved by fibrinolysis,
converting the large fibrin molecules into small fibrin-split
products that are readily removed from the peritoneal cavity.
Under the ischemic conditions present after surgical trauma,
fibrinolytic activity is suppressed, which results in persistence
of the fibrin bands. Once the fibrin bands are infiltrated with
fibroblasts, they become organized to form what are clinically
identified as adhesions.

tissue. At this point, healing of the peritoneum differs from
that of skin. With skin, healing occurs at the periphery of the
injury. As a result, the duration of healing directly correlates
with the size of the injury; larger injuries take longer to heal
than smaller ones. In contrast, reepithelialization of peritoneal
injuries occurs by the formation of multiple “islands” of new
mesothelial cells scattered upon the surface of the perito-
neum. The source of these epithelial cells, which is controver-
sial, includes adjacent normal mesothelial cells and mesothe-
lial stem cells. The mesothelial cells in each “island” continue
to divide until the surface of the entire site of injury is covered
by new mesothelium. D. Under conditions in which normal
fibrinolytic activity occurs, mesothelial cell proliferation results
in reepithelialization of the injured site. The surface of perito-
neal injuries is typically reepithelialized 5-7 days after surgical
injury. Beneath the surface, remodeling of collagen and other
connective tissue proteins continues for a few months.




F1G. 7.2. Collagenase-1 (top) and stromelysin-1 (bottom) are ex-
pressed in distinct areas of the healing epidermis. Serial sec-
tions of a nonspecific ulcer were hybridized with 355-labeled
antisense RNA probes for collagenase-1 (C’ase) and strom-
elysin-1 (Str-1) mRNAs. The migrating front of the epidermis,
adjacent to an ulceration (U) in the upper left corner, is indi-
cated by large arrows. Signal for collagenase-1 mRNA was de-
tected only in basal keratinocytes within the migrating front. In
contrast, signal for stromelysin-1 mRNA was seen in the epider-
mis away from the migrating front of epithelium and in many
dermal fibroblasts.

Fi6. 7.1. Distinct localization of
collagenase-1 and tissue inhibitor
of metalloproteinase (TIMP-1) ex-
pression. Serial sections of ulcer-
ated pyogenic granuloma were hy-
bridized for collagenase-1 (C’ase)
or TIMP-1 mRNAs. An ulceration
(U) is indicated with underlying
inflammatory cells; the adjacent
epidermis (E) has formed an ep-
ithelial tongue to cover the defect.
Collagenase-positive ~ basal  ker-
atinocytes (left) are detected only
at the migrating front of epithe-
lium (arrows). In contrast, TIMP-
positive cells (right) are found
within the underlying granulation
tissue (bordered by arrows), but not
in epidermis.

FIG. 7.4. Expression of collagenase-1 is elevated in chronic ul-
cers. For further details, please see text, p. 109.
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tissue. At this point, healing of the peritoneum differs from
that of skin. With skin, healing occurs at the periphery of the
injury. As a result, the duration of healing directly correlates
with the size of the injury; larger injuries take longer to heal
than smaller ones. In contrast, reepithelialization of peritoneal
injuries occurs by the formation of multiple “islands” of new
mesothelial cells scattered upon the surface of the perito-
neum. The source of these epithelial cells, which is controver-
sial, includes adjacent normal mesothelial cells and mesothe-
lial stem cells. The mesothelial cells in each “island” continue
to divide until the surface of the entire site of injury is covered
by new mesothelium. D. Under conditions in which normal
fibrinolytic activity occurs, mesothelial cell proliferation results
in reepithelialization of the injured site. The surface of perito-
neal injuries is typically reepithelialized 5-7 days after surgical
injury. Beneath the surface, remodeling of collagen and other
connective tissue proteins continues for a few months.




1. Peritoneum, Peritoneal Healing, and Adhesion Formation

clinical and clinical evidence indicates that normal peri-
toneal repair occurs in the absence of reperitonealiza-
tion.

Sepsis and Suturing

Surgical trauma and peritonitis each depress peritoneal
fibrinolytic activity.118,130,157,158 The net results of these
interactions might be increased adhesion formation if
the peritoneum is sutured in the presence of sepsis. This
possibility was tested in rats undergoing laparotomy after
intraperitoneal inoculation with bacterial cultures or
saline. In 10 animals that received saline inoculum, the
peritoneum was sutured with nylon, and adhesions to
the laparotomy scar formed in 3 animals. In contrast, in
the presence of intraperitoneal infection, adhesion to
the laparotomy scar formed in 8 of 9 animals when the
peritoneum was sutured with nylon but in only 2 of 10
when it was left unsutured.158 Intraperitoneal infection,
independent of a particulate or chemical irritant,
proved to be a potent cause of adhesions. Moreover, su-
turing the peritoneum and sepsis appeared to act syner-
gistically to promote adhesions to the scar.

Surgical Techniques and
Adhesion Formation

Incision Location

Brill et al.159 correlated the location and frequency of
skin incision with subsequent adhesion formation (Fig.
1.18). Adhesions to the omentum and bowel were found
in 70 women (27%) in the Pfannenstiel group, in 48
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women (55%) in the midline group when incision was
above the umbilicus, and in 10 women (67%) in the mid-
line group when incision was below the umbilicus. The
distribution of adhesions to the omentum and bowel var-
ied for each type of incision. In the Pfannenstiel group,
87% had adhesions to the omentum and 13% had adhe-
sions to the omentum and bowel. In the midline below
the umbilicus group, 72 of 87 (83%) had adhesions to
the omentum and 15 patients (17%) had adhesions to
the omentum and bowel. In the midline above the um-
bilicus group, 60% had adhesions to the omentum and
40% had adhesions to the omentum and bowel.

After a single incision, 25% in the Pfannenstiel group
had adhesions, whereas 31% had adhesions after two to
five incisions. In the midline below the umbilicus group,
53% had adhesions after a single incision, whereas 59%
had adhesions after two to six incisions. In the midline
above the umbilicus group, 5 of 10 patients had adhe-
sions after a single incision, and all 5 patients had adhe-
sions after two to four incisions. When subjects with all
types of incisions were combined, adhesions were pre-
sentin 22% in the obstetric group, a finding that was sig-
nificantly different from 42% of patients in the gyneco-
logic group.159

Levrant et al.160 determined the incidence of adhe-
sions to the anterior abdominal wall peritoneum to as-
sess the risk of umbilical trocar insertion in patients with
previous surgery. No anterior wall adhesions were pre-
sent in 91 patients with no previous surgery; 33 (36%)
had pelvic adhesions. Of 45 patients with a previous lapa-
roscopy (12 had more than one laparoscopy), 22 had
pelvic adhesions and none had anterior wall adhesions.
Of 29 patients with a previous midline vertical incision,
12 had pelvic adhesions and 17 (59%) had anterior wall
adhesions. Of 39 patients with a previous suprapubic

FiG. 1.18. Correlation between skin incision, prior surgery, and subsequent adhesion formation.159
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transverse incision, 32 had pelvic adhesions, and 11
(28%) had anterior wall adhesions. The anterior wall ad-
hesions were all close enough to the umbilicus to inter-
fere with the safe placement of a laparoscopic umbilical
trocar (96% of the adhesions involved omentum and
29% included bowel). The incidence of anterior wall ad-
hesion was significantly higher in the previous midline
vertical versus suprapubic transverse incision group. The
incidence of pelvic adhesions did not differ significantly
between the previous laparoscopy and previous laparot-
omy groups.

Sutures

In a rat adhesion model, suture material, volume, and di-
ameter, as well as knot configuration of commonly used
sutures, were evaluated quantitatively for extent and type
of adhesion that formed.161 Prolene showed a signifi-
cantly smaller mean adhesion percentage compared to
the Vicryl- and catgut-treated peritoneal defects, which
confirmed previous studies.162 The adhesion type dif-
fered significantly from the catgut-treated defects.
Catgut created the most severe and extensive adhesion
of every subgroup of the study. Thus, suture material
seems to be a significant factor in the induction of adhe-
sion formation (see Chapter 15).

Laser

It has been suggested that the carbon dioxide (COy)
laser, by virtue of its hypothetical capabilities for precise
incisions, minimization of tissue handling and bleeding,
and shortened operating time, may improve the success
rate of gynecologic infertility surgery.163 To assess this hy-
pothesis, a multicenter prospective study was performed
to assess adhesion formation at early second-look lapa-
roscopy after intraabdominal laser surgery.164 Proce-
dures performed included salpingoneostomy, fimbrio-
plasty, lysis of adhesions, vaporization of endometriosis,
and ovarian wedge resection. Adhesions present at the
time of the second-look procedure were reduced from
initial presentation at most sites by both CO, laser and
standard surgical procedures; however, nonlaser infertil-
ity surgery appeared to have equal or greater efficacy in

Gere S. diZerega

the prevention of adhesion formation. When tested in
animals, the number of adhesions was found to be signif-
icantly higher after vaporization using the CO, laser and
the YAG (yttrium-aluminum-garnet) contact laser than
after thermal coagulation using bipolar current.165 Some
authors recommended the laser for cutting to avoid
postoperative adhesions. These findings could not be
confirmed by others.166 Use of laser vaporization to
achieve hemostasis was more adhesiogenic than bipolar
coagulation when the area and depth of the injured site
were controlled in an animal study (Table 1.8).163 Thus,
from a peritoneal repair or adhesion reduction perspec-
tive, the use of laser remains controversial.

Irrigation Fluids

The most commonly used distending medium in laparo-
scopic surgery is carbon dioxide (COy) gas. The most
commonly used irrigation solutions are normal saline or
lactated Ringer’s solution. Although irrigation facilitates
visualization, Sahakian showed that the mixture of CO,
and normal saline yields carbonic acid, which produces
an acidic medium.167 Lactated Ringer’s solution contains
a larger buffering capacity than normal saline when satu-
rated with CO,. The pH drop in normal saline is from a
baseline of pH 6.6 to pH 4.1; the drop in lactated
Ringer’s solution is from a baseline of pH 6.0 to pH 5.0.
This acidity may be potentially harmful to tissue sur-
faces, leading to adhesion formation. When tested in
rabbits there was no significant difference in adhesion
formation between the COq-only group and the normal
saline with COq group. However, the mean adhesion
score of rabbits treated with lactated Ringer’s solution
with CO, was significantly less than that of those which
received normal saline with CO, and CO, alone.

Abdominal Distension

Air quality is affected by production of particulates and
gaseous materials produced during surgery by use of
laser, electrosurgical, and mechanical devices. The
chemicals and potentially infectious materials are pro-
duced by combustion, mechanical, or vibratory mecha-
nisms interacting with tissue. Aerosols contain poten-

TABLE 1.8. Formation of adhesions on the rat abdominal wall provoked in animal experiments 1 to 10 days after the procedure,
depending on the technique employed: coagulation or vaporization

Coagulation Vaporization
Endocoagulation Bipolar high-frequency current COq laser YAG contact laser
Number of lesions 52 48 80 108
Number of lesions with adhesions 1(2.0%) 6 (12.5%) 50 (62.5%) 73 (67.6%)
Number of lesions without adhesions 51 (98.0%) 42 (87.5%) 30 (37.5%) 35 (32.4%)

Note: Mencke!163 indicated that the surface inflammatory reaction is greater after vaporization when compared with coagulation.
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tially hazardous carcinogenic, mutagenic, and infectious
particles in various concentrations. Identification quali-
tatively or quantitatively of the products and by-products
of tissue combustion requires critical evaluation. A study
was designed to evaluate components of tissue pyroly-
sis.168 Smoke from tissue combustion at pelvic surgery
was evaluated. Mass spectral chemical analysis of com-
busted human tissue particle-size analysis was per-
formed. Carbon monoxide (CO), free radicals, hydro-
gen cyanide, benzene, acrolein, and polyaromatic
hydrocarbons (PAH) are a few of the more than 27 toxic
materials produced by human tissue pyrolysis. Each 50
mg of tissue pyrolyzed caused production of 12.8 ug of
benzene, 3.6 ug PAH, 4.3 pg of acrolein, and 3.4 ug of
formaldehyde. Each gram of tissue combustion resulted
in 284 mg of particulates. The mean distribution of par-
ticle size was 0.3 to 0.5 wm. Experimental measurements
showed there are 5.4 X 109 0.3-wm particles per milli-
liter. CO levels were increased to levels of 2100 part per
million. Chemical and particulate production are conse-
quences of tissue combustion, and studies are in
progress to evaluate their effects on pelvic surgery and
adhesion formation. Until these are completed, mini-
malization of coagulation with evacuation of these mate-
rials is advised.

Ultrasonic Scalpel

The ultrasonic scalpel is an instrument that potentially
causes minimal tissue injury and good hemostasis. Ultra-
sonically activated, the scalpel blade moves longitudi-
nally at 55,000 vibrations per second in cutting the tissue.
Use of the ultrasonic scalpel is associated with reduced
bleeding compared to a traditional scalpel. It causes tis-
sue blanching without charring and with minimal smoke
production. It is believed that the vibration of the ultra-
sonic scalpel generates low heat at the incision site, and
that the combination of the vibration and the heat
causes the proteins to denature. The denatured proteins
form a coagulum that seals the bleeding vessels. Previous
investigators83 demonstrated that the use of a traditional
scalpel produces less tissue destruction than the ultra-
sonic scalpel and that both modalities are superior to the
COq laser and electrocautery with regard to tissue de-
struction.

Tulandi et al.169 evaluated the histologic changes and
subsequent adhesion formation in rat uterine tissue after
a standard incision with an ultrasonic scalpel or with a
traditional scalpel. Incisions of the uterine horn using a
regular scalpel resulted in bleeding that stopped easily
with mild pressure. No bleeding was encountered after
incisions with the ultrasonic scalpel. The tissue appeared
to blanch when in contact with the activated ultrasonic
scalpel blade. At repeat laparotomy, adhesions to the in-
cision site were found in both groups of rats. The adhe-
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sions were mild, and no significant difference was found
in adhesion score between the ultrasonic scalpel and the
regular scalpel group on day 7 and on day 14 after the
initial surgery. On day 21, distal uterine dilatation was
seen in eight of nine tubes in the ultrasonic scalpel
group, and no dilatation was encountered in nine uter-
ine horns in the regular scalpel group. However, the de-
gree of coagulation necrosis was significantly higher at
7 and 14 days after incision with an ultrasonic scalpel
than with a regular scalpel.

Second-Look Laparoscopy

In 1967, second-look laparoscopy (SLL) was used to eval-
uate the results of certain surgical techniques.170 Multi-
center collaborative studies show that the majority of ad-
hesions reform after lysis and that the severity of the
reformed adhesion often becomes worse197 (Fig. 1.19).
More recently, the potential role of SLL in assessing the
outcome of infertility surgery and in lysing postoperative
adhesions was investigated.91,171-177 Many authors agreed
that SLL performed within 4 to 6 weeks (short interval)
of the original surgery appears to be more advantageous
because adhesions are less dense and easier to lyse at
that time.174-177 Evaluation of pelvic adhesions after lap-
aroscopic lysis in an in vitro fertilization program sup-
ports the use of this approach except in the case of se-
vere, dense adhesions.17l However, little information is
available to establish indications and the criteria for pa-
tient selection for a short-interval SLL.

Although the effect on pregnancy rates of “second-
look” laparoscopy to lyse adhesions that form after re-
productive surgery was examined, generalized use of
SLL remains controversial. Tables 1.9 and 1.10 summa-
rize the overall pregnancy rates and rates of ectopic
pregnancy in five studies employing SLL during which
adhesions were separated or lysed. Daniell et al.171 de-
scribed intrauterine pregnancy in 9 of 25 infertility pa-
tients within 6 months after adesiolysis was performed at
SLL at 4 to 6 weeks after the initial laparotomy. Trimbos-
Kemper et al.178 reported success with SLL as early as
8 days after surgery. After SLL, intrauterine pregnancy
rates (40%) were the same with or without SLL although
a decrease in ectopic pregnancies was noted (Fig. 1.20).18

Many studies directly evaluated the rate of adhesion re-
formation after adhesiolysis. Adhesiolysis by SLL was ef-
fective in preventing adhesion reformation in 52% of 64
patients who underwent a second follow-up laparoscopy
(i.e., third-look procedure).180 Furthermore, in this
study, significantly more of the adnexa evaluated at the
time of the third-look laparoscopy had no adhesions pre-
sent when adhesiolysis was performed at the second-look
procedure (63%) than when no adhesiolysis was per-
formed via second-look laparoscopy (39%). Similar find-
ings using third-look laparoscopy were reported by
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F1G. 1.19. Frequency and type of adhesion observed at early second-look procedures after laparoscopic adhesiolysis of fine, filmy
adhesions, dense and/or vascular adhesions, or cohesive adhesions.197

Jansen179 (Fig. 1.20) and Osada (personal communica-
tion). Diamond et al.93 reported significant reductions
in the incidence of adhesion involving the ovaries, fim-
bria, cul-de-sac, colon, and pelvic sidewall at the time of
second-look laparoscopy following reproductive surgery.
The overall reduction in adhesions involving these tis-
sues at the time of the second-look procedure ranged
from 30% to 50% (Tables 1.11, 1.12). Swolin,58 Osada
(personal communication), Trimbos-Kemper et al.,178
Jansen,179 and Serour et al.180 all reported success with
early second-look laparoscopy (Fig. 1.21). Not all reports
are favorable. Mecke et al.181 found that 50% of the ipsi-
lateral adnexa still contained adhesions at third look af-

ter their resection following laparoscopic removal of an
ectopic pregnancy.

The interval between the initial surgery and the SLL
varied in these studies. In those studies in which the in-
terval between the initial surgery and SLL varied among
patients,174175 the benefits of SLL appear to be greater
the shorter the postoperative interval before the proce-
dure. Many clinicians believe that adhesion density and
organization increase as the duration of the postopera-
tive interval increases.94.174175 DeCherney and Mezer177
found a 75% incidence of adhesion formation at the
time of SLL at both 4 to 16 weeks and 16 to 19 months
after laparotomy in infertility patients. There was, how-

TABLE 1.9. Summary of pregnancy rates following second-look laparoscopy (SLL)

Percent of patients

Interval between
Reference original surgery and SLL No. of patients Pregnant Ectopic pregnancy
Raj and Hulkaa (1982)174 4-8 weeks 51 20% 14%
Surrey and Friedman (1982)175 6-8 weeks 31 52% 0%
2 6 months 6 17% 17%
Trimbos-Kemper et al. (1985)178 8 days 188 30% 10%
Tulandi et al.b (1989)155 12 months 19 67%b 47%b

aOriginally, 60 patients were evaluated, 9 of whom had no postoperative adhesion and were excluded. Most of the 60 patients
(83%) had SLL after 4- 8 weeks; 3 patients had SLL at <2 weeks, and 7 patients had SLL >12 weeks postoperatively.

bCumulative probability at 36 months using life table analysis.
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TABLE 1.10. Results of early and late second-look laparoscopy (SLL) following reproductive surgery

Reference Early* Late® Study design Results

Swolin (1967)58 — 1 year Cohort Introduction to the use of SLL

Raj and Hulka (1982)174 1-8 weeks (53) Up to 2 years (7) Cohort Optimal time of SLL appears to be 4-8
weeks after a reproductive surgery

Surrey and Friedman (1982)175 6 weeks (31) 6 months (6) Cohort Pregnancy rate after early SLL (52%)
was higher than after late SLL (16.67%)

Daniell and Pittaway (1983)173 4-6 weeks (25) — Cohort Early SLL may improve pregnancy rates

DeCherney and Mezer (1984)9% 4-6 weeks (20) 16-19 months (41) Cohort 60% of early SLL patients had filmy

adhesions; 63% of the late SLL
patients had thicker adhesions

SLL reduced the occurrence of ectopic
pregnancy

Trimbos-Kemper et al. (1985)178 8 weeks (188) — Historical control

Diamond et al. (1987)93 1-12 weeks (161) — Cohort Reproductive surgery by laparotomy is
frequently complicated by de novo
adhesion formation

Jansen (1988)179 8-21 days (256) — Cohort Early SLL is safe and effective in

reducing adhesion formation

Tulandi et al. (1989)155 — 1 year (74) Randomized control  Late SLL does not increase the
pregnancy rate or decrease the
incidence of ectopic pregnancy

*Numbers in parentheses are numbers of patients.

From Tulandi et al. (1989).155
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FIG. 1.20. Left: cumulative conception percentages of ectopic
pregnancies in patients with and without second-look laparos-
copy on the 8th day after salpingostomy. Right: camulative con-

ception percentage of intrauterine pregnancies in patients
with and without second-look laparoscopy on the 8th day after
salpingostomy, fimbrioplasty, or adhesiolysis.178

TaBLE 1.11. Results of adhesiolysis

Reference No. of patients  Live births (%)  Ectopic pregnancies (%) ESLL
Conventional technique
Wallach et al. (1983)201 94 45.7 2.1 No
Young et al. (1970)202 47 32.0 4.0 No
Trimbos-Kemper et al. (1985)178 N/A 48.0 N/A Yes
Microsurgical technique
Frantzen and Schlosser (1982)203 49 38.8 4.1 No
Diamond (1979)204 140 57.1 0.7 No
Luber et al. (1986)205 13 62.0 7.7 Yes
Hulka (1982)206 47 25.5 2.1 No
Laparoscopic lysis only
Gomel (1983)207 92 58.7 5.4 —

ESLL, early second-look laparoscopy; N/A, not available.
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TaBLE 1.12. Preoperative GnRH treatment and adhesion for-
mation after myomectomy

No treatment

GnRH (n = 21) No GnRH (n = 36) b
Sites to uterus 7.2 *3.0 78 +3.3 0.60
Severity 2.7+ 0.6 23+0.9 0.03
Extent 1.8 +0.9 1.6+09 0.32
Area 18.7 + 13.2 19.0 = 14.6 094

Use of gonadotropin-releasing hormone (GnRH) agonists during my-
omectomy did not reduce postoperative adhesion formation irrespec-
tive of barrier use.197

Gere S. diZerega

ever, a relative enhancement in the adhesion grades that
were present between the two groups (Fig. 1.22). In a
case-control study, Raj and Hulka!74 found that the opti-
mal time for a SLL and adhesiolysis is 4 to 8 weeks after a
reproductive surgery. A randomized study with a clinical
outcome is required to clarify this matter. Clearly, late
SLL 1 year following a reproductive surgery does not
lead to a significant increase in pregnancy rates.155
Steege reported adhesion reduction by repeated adhesi-
olysis (four times in 2 weeks) in a small group of patients
undergoing minilaparoscopy under conscious seda-
tion.182 Use of this technology may significantly alter
both the time and route of “second-look” procedures in
the future.

FiG. 1.21. Effect of postoperative
laparoscopy on adhesion scores in
patients with no initial adhesions
(A) and with initial adhesions (B).
Procedures: initial infertility opera-
tion (#1), postoperative laparoscopy
(#2), and subsequent evaluation
(#3).179

Area, cm2.
A 25W B 257
20A 20¢
15¢ 15¢
Score Score
104 10+
S 54
0+ ~— + - 0
#1 #2 #3 #1

Procedure

#2 43

Procedure

F1G. 1.22. Type of adhesion
at second-look laparoscopy
after tubal surgery. A rela-
tive enhancement in the
grade of adhesions was
noted between early (4-16
weeks after surgery) and
late (16-19 months after
surgery) laparoscopy.%
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Hypoestrogenism

Estrogen may play a role in the formation of postopera-
tive pelvic adhesions because estrogen may facilitate an-
giogenesis in uterine tissue production of uterine growth
factors and possibly proliferation of mesothelial cells and
fibroblasts.57.183-187 Estrogen-dependent growth factors
and growth modulators could play a role in adhesion for-
mation. Insulin-like growth factors (IGF) stimulate mito-
sis in a wide variety of tissues. Regulation of IGF in the
uterus has been studied extensively in rats, in which
the predominant stimulator of IGF is estrogen.186
Keratinocyte-derived growth factor is steroid responsive
and is mitogenic for epithelial cells. In addition, estro-
gen-sensitive growth factors (epidermal growth factor
[EGF] and platelet-derived growth factor [PDGF]) en-
hance the growth of cultured peritoneal mesothelial
cells.187 Montanino-Oliva et al.188 found that both
GnRH-a (gonadotropin-releasing hormone-alpha) and
medroxyprogesterone acetate reduce adhesion forma-
tion in the rat uterine horn model when compared with
controls. They considered the antiinflammatory and im-
munosuppressive actions of progestins as potential
mechanisms behind the observed adhesion prevention.
Fibroblast growth factor (FGF), EGF, PDGF, and TGF-3
directly increase the mitogenic activity of peritoneal re-
pair cells.30,189,190 Chegini et al.190 reported that in-
traperitoneal adhesions contained immunoreactive EGF,
EGF receptor, and tranforming growth factor-alpha
(TGF-o). These growth factors are modulated by estro-
gen in the female reproductive tract. Although the
mesothelium covering the normal human peritoneum is
reported to be negative for both estrogen receptor (ER)
and progesterone receptor (PR), positive reactivity for
ER and PR has been identified in a small portion of the
underlying mesenchymal cells.191-193 However, unlike
normal mesothelium, mesothelium adjacent to en-
dometriotic lesions is reported to contain focal positivity
for ER and PR.193 Several groups have presented animal
data suggesting that a hypoestrogenic state causes a de-
crease in postoperative adhesion formation.185,190

To evaluate the possible role of estradiol in adhesion
formation, 36 oophorectomized New Zealand white rab-
bits that had undergone a standardized adhesiogenic
stimulus 2 weeks previously were randomized to receive
5 mg estradiol valerate or vehicle 2 days before adhesiol-
ysis.194 Animals receiving estradiol replacement showed
an increased adhesion score following adhesiolysis, while
nonreplaced animals demonstrated a decreased adhe-
sion score. Preoperative GnRH-a therapy was shown to
reduce adhesion formation in rats with surgically in-
duced endometriosis or adhesions. Combined pre- and
postoperative GnRH-a therapy, but not postoperative
GnRH-a therapy, reduced adhesion reformation after
adhesiolysis.183
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In contrast, Lamorte et al.195 evaluated the effects of
physiologic estrogen levels upon de novo adhesion for-
mation in a rat uterine horn model. Twenty-one adult
Sprague-Dawley rats underwent bilateral oophorectomy
and were then randomized to receive 17-B-estradiol (1.5-
mg pellets) or vehicle. Two weeks later each animal un-
derwent abrasion of the right uterine horn. Adhesion
extent measured 2 weeks following the adhesiogenic
stimulus was not different for the estrogen-treated ani-
mals. These data suggest that high levels of estradiol may
be associated with increased adhesion formation and
that regulation of estradiol at the time of surgery may be
a means of preventing adhesion formation.

Grow et al.19 reported on a prospective, randomized
crossover study for the prevention of pelvic adhesions us-
ing surgical barriers or careful surgical technique alone
with and without suppressions of estrogen production by
preoperative GnRH-a therapy. Monkeys were assigned to
either chronic GnRH-a (depot), chronic mifepristone
(RU486), or vehicle control (saline). The adhesion
scores were twofold greater and significantly higher in
cycling controls than for primates treated with either
GnRH-a or mifepristone. However, this observation was
inconsistent with the clinical results of perioperative
GnRH-a therapy on adhesion formation after myomec-
tomy performed in patients with and without adhesion
prevention barriers applied to the uterus.197 Irrespective
of the use of adhesion prevention barriers, no difference
in adhesion formation rates was noted based on GnRH
therapy (see Table 1.12). Limited animal studies with
progesterone have not reported any reduction in postop-
erative adhesions.198

Conclusion

The special complexity of peritoneal morphology, in-
cluding surface covering by mesothelial cells, a vascular-
ized connective tissue underpinning laced by extracellu-
lar matrix proteins and mesenchymal stem cells, leads to
a unique response to injury (see Fig. 1.7). Large perito-
neal injuries reepithelialize as quickly as small peritoneal
injuries. Virtually all types of surgical injury including
cutting, coagulation, drying, and abrasion induce an in-
flammatory reaction that may lead to adhesion forma-
tion. Clean excision of peritoneal tissue without suture
placement to reapproximate edges provides the best op-
portunity for rapid reperitonealization. Peritoneal repair
is not accelerated with reapproximation of incised peri-
toneal edges. Reapproximation of peritoneal edges in-
creases tissue necrosis and foreign-body reactions, which
may slow the healing process. The prolonged presence
of an acute inflammatory reaction in areas of extensive
thermal injury disrupts healing and makes adhesion for-
mation beyond 72 hours of postoperative injury a likely
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event. Frequent irrigation with buffered solutions like
lactated Ringer’s solution provides the best method of
preventing tissue desiccation and removing soluble fi-
brin during the surgical procedure. Nevertheless, the
majority of patients develop postoperative adhesions fol-
lowing peritoneal surgery, and the majority of adhesions
that are lysed reform.
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The lining of the abdominal cavity is composed of a sin-
gle layer of mesothelial cells overlying a basement mem-
brane and a large layer of extracellular matrix (ECM)
proteins.! A unique feature of this histologic architec-
ture is that these surface mesothelial cells are in constant
contact with the peritoneal fluid (PF), which is con-
tained within the abdominal cavity. Although the func-
tion of the PF is not typically given much emphasis in
physiology textbooks, it undoubtedly facilitates mobility
of the viscera within the peritoneal cavity. This move-
ment is required for normal function of (1) the gastroin-
testinal tract, for example, peristalsis and defecation,
(2) the bladder, for example, voiding, and (3) the fe-
male genital tract, for example, tubal motility for oocyte
pickup. This function of PF is similar to that of the
pleural fluid, which allows unrestricted sliding move-
ment between the chest wall and the pleural surface of
the lung during respiration, as well as that of the peri-
cardium, which allows efficient contraction of the heart
within the fluid environment of the pericardial sac. Not
surprisingly, the peritoneal mesothelial cells not only
share functional similarities with the pleural and pericar-

dial mesothelial layers but a common embryology as
well.23

In some functional ways, the peritoneal cavity can be
considered analogous to the vascular system. The blood
vessels are lined by a single layer of endothelial cells,
wherein biologically active molecules in the blood are
carried to distant sites, altering the function of the vascu-
lar bed. These molecules can be secreted by the vascular
endothelium, leukocytes, or other cells or bacteria at
sites of inflammation or injury. In an analogous fashion,
soluble or particulate material that enters the peritoneal
cavity is disbursed in the PF and thus throughout the
peritoneum with the potential to affect the entire
mesothelial layer. Although the PF does not actually cir-
culate via the action of a pump as does the vascular sys-
tem, PF circulates within the peritoneal cavity and is in
continuity, via lymphatics, with the pleural fluid within
the thoracic cavity and the vascular system.4 Biologically
active molecules can enter the peritoneal cavity via tran-
sudation, exudation, facilitated transport, or the lym-
phatics, or can be secreted by the leukocytes in the PF.
These anatomic and functional features allow the PF to
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influence the behavior of the mesothelial cells through-
out the entire peritoneum. Likewise, the reconstitution
of the peritoneal membrane after surgical trauma occurs
while it is in continuous contact with the PF, with the po-
tential for bioactive molecules within the PF, such as cy-
tokines and eicosanoids, to modulate the pattern of the
healing response.

Similarly, the constituents of the PF reflect the events
that are occurring at the wound surface during healing.5
By studying the molecular environment at the injury site,
we can learn more about the mechanism of peritoneal
wound healing and potentially manipulate these events
pharmacologically in a beneficial manner. Thus, it is im-
portant to understand the constituents as well as the
function of the PF that may shed light on the molecular
and cellular events critical to normal and pathologic
wound healing so that we can therapeutically intervene.

Peritoneal Fluid Volume

The volume of the PF represents primarily a transudate
across the peritoneal membrane, with a disproportion-
ate contribution in women, originating from the surface
of the cycling ovary.6.7 In men, the volume of the perito-
neal fluid is rarely greater than 5 mL in normal circum-
stances, whereas in women the volume varies with the
menstrual cycle. PF for women is typically between 5 and
18 mL, with the greatest volume observed in the middle
of the menstrual cycle at the time of ovulation.89 Based
on the correlation between PF volume and the ovarian
steroid concentrations within the PF of women, an exu-
date from the ovary accounts for the majority of the dif-
ference between the sexes, suggesting that 5 mL is the
minimum volume of PF required for normal function of
the abdominal viscera. Whether the larger volume pre-
sent in women at ovulation plays a physiologic role in re-
production or is simply an incidental response to cyclic
ovarian function remains unclear.

When women go through spontaneous menopause, or
their ovaries are removed before menopause, or if ovula-
tion is suppressed with oral contraceptives, the observed
volume of PF more closely approximates that of men.6.7
When the uterus is removed but the ovaries remain in
place and continue to cycle, the volume of the PF does
not change appreciably from that of women with the
uterus in place.6.7 These data support the conclusion
that ovarian function is the critical determinant of the
differences in PF volume between women and men.

Pathologically high volumes of PF can be observed
(1) when venous outflow of the abdominal viscera is me-
chanically impeded, such as with ovarian fibromas (Meigs’
syndrome), bowel cancers metastasizing to the ovaries,
ovarian torsion, and pedunculated uterine leiomyomata;
(2) when the ovaries are therapeutically hyperstimulated
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and multiple corpora lutea are present (the severe ovar-
ian hyperstimulation syndrome); (3) when reduced ve-
nous outflow of the portal system of the liver occurs, with
cirrhosis; and (4) when an intraperitoneal inflammatory
process is present in the peritoneal cavity, either a be-
nign process such as endometriosis or miliary tuberculo-
sis or a malignant process such as advanced epithelial
cancer of the ovary with extensive metastasis throughout
the peritoneum.

Soluble Factors in the Peritoneal Fluid

The soluble factors in the PF are likely a combination of
a transudation of plasma, with a relative barrier to mole-
cules above 20,000 kDa and facilitated transport.10,11 The
result is a concentration gradient from the PF to the
plasma of large molecules in the PF, while those mole-
cules of less than 20,000 kDa are close to being isotonic
with plasma. Notable exceptions are the steroids se-
creted by the dominant cyclic structure of the ovary in
women, where the concentrations are several orders of
magnitude higher than plasma, reflecting the passage of
the steroids from the ovarian cyclic structures across the
ovarian surface epithelium.89 As the fluid volume varies
with the menstrual cycle in women, the evaluation of the
importance of the various biologically active molecules
as a concentration may be misleading unless the stage of
the menstrual cycle is taken into consideration.

When larger molecules are secreted into the PF by the
intraperitoneal leukocytes, such as cytokines, proteolytic
enzymes, and protease inhibitors, they can be preferen-
tially retained in the PF because of their size, resulting in
higher concentrations than those observed in the pe-
ripheral circulation. This difference allows high local
concentrations at the mesothelial surface during wound
healing, amplifying the potential for an impact on the
cellular events at the healing peritoneal surface. These
cytokines are secreted by macrophages in response to a
variety of inflammatory stimuli under complex control,
which necessitates the removal of these bioactive mole-
cules by either active transport or enzymatic degrada-
tion. The reverse situation is encountered in patients
with renal failure undergoing peritoneal dialysis, where
high molecular weight molecules in plasma, such as pro-
lactin, are excluded from the peritoneal cavity on a
weight basis and thus are not cleared by using the ab-
dominal cavity as a dialysis membrane.12,13

Eicosanoids have been observed in the PF,14-19 partic-
ularly in women with endometriosis. Because macro-
phages can secrete prostaglandins and the number of
macrophages is elevated in women in various clinical sit-
uations such as endometriosis,1415 they are likely the
source of the PF prostaglandins. A variety of cytokines,
including enzymes, extracellular matrix proteins, growth
factors, and other molecules, have been observed in the
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TABLE 2.1. Potential modulating soluble factors present in the
peritoneal fluid

Class

Factor

TL-120-27

IL-1B20

11.-220,24

IL-520-22

11.-625,26

1L-1025

Tumor necrosis factor-o21,26-29

Interferon-y21,30

Lysozymes3!

Lipid peroxides32

Glycosaminoglycans33

Fibronectin34

Macrophage colony-stimulating factor3536

Vascular endothelial growth factors?

Macrophage-derived growth factorss

Transforming growth factor-B39-41

Uncharacterized T-lymphocyte growth promoters
that activate macrophages#2

ag-macroglobulin43

Heat shock protein, hsp6030

CA 12544

Monocyte chemotactic protein-145

Cytokines

Enzymes
Extracellular

matrix proteins
Growth factors

Others

PF under varying clinical circumstances (Table 2.1). Al-
though these cytokines are not unique to the PF, their
concentrations may be higher than in plasma if they are
secreted by PF macrophages, leading to a concentration
gradient from the PF to the plasma.

Cellular Constituents of the Peritoneal Fluid

Cytopathologists have long described the cells present in
the PF as “reactive mesothelial cells” without any objec-
tive scientific evidence as to their character or origin.
There was no clinical need to distinguish the specific
cell types; rather, a premium was placed on the ability to
distinguish malignant cells from the resident benign

FiG. 2.1. This is a series of photomicro-
graphs of cytospin preparations of
peritoneal fluids from mice. The resi-
dent population of peritoneal macro-
phages of control mice is shown in
(A). Three days after insertion of oxi-
dized regenerated cellulose barrier
material in the peritoneal cavity, the
macrophages increase in number and
are morphologically altered, suggest-
ing activation (B). After insertion of
expanded polytetrafluoroethylene bar-
riers the macrophages are also mor-
phologically altered (C), although not
to the same extent as with oxidized re-
generated cellulose. These prepara-
tions were stained with Wright’s stain
(original magnification X 1000).
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population. However, this designation as “reactive meso-
thelial cells” is inaccurate as there appear to be few if any
free-floating mesothelial cells in the PF.46 The peritoneal
mesothelial cells remain firmly adherent both to the
basement membrane and to each other and are only dis-
lodged as large sheets of adherent cells by mechanical
abrasion during surgery. In reality, the cell population in
the PF is composed overwhelmingly of leukocytes, with
the vast majority being mononuclear phagocytes, typical
tissue-differentiated macrophages (Fig 2.1). The remain-
der are lymphocytes with a small number of polymor-
phonuclear leukocytes (PMN), eosinophils, and baso-
phils. Significant numbers of PMNs are not normally
observed in the PF unless a bacterial infection is pre-
sent.31,46-52

A resident population of PF macrophages is present in
both sexes with higher numbers of cells in women with
regular menstrual cycles and patent fallopian tubes.46
The oviducts provide continuity with the lower genital
tract, for example, the endometrial cavity, as well as the
external environment through the cervix. The regurgita-
tion of menstrual debris during menstruation appears to
represent a significant stimulus to increase the number
of these macrophages because the number of PF leuko-
cytes is dramatically reduced if the continuity of the fe-
male genital tract is interrupted when the fallopian
tubes are ligated or the uterus is removed. Similarly, if
ovulation is hormonally suppressed, the PF cell number
also declines, verifying the contribution of retrograde
menstruation, a nearly universal event in ovulatory
women with patent fallopian tubes, as an eliciting stimu-
lus.46 Not surprisingly, the PF leukocyte number varies
throughout the menstrual cycle, with higher numbers
being present in the follicular phase immediately follow-
ing menses.53 The finding that iron levels are elevated in
the PF of women with endometriosis,54 a clinical situa-
tion in which higher numbers of PF leukocytes are pre-
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sent, is also consistent with this conclusion. Infertile
women with endometriosis and women with unex-
plained infertility, presumably with incessant ovulation
and menstrual regurgitation, have a higher number of
PF leukocytes and the increase is primarily in activated
macrophages.31.46-49,52 Thus, retrograde menstruation
appears to be the major factor responsible for eliciting
PF leukocytes.55-57

The physiologic function of these resident PF macro-
phages is likely to prevent ascending infection through
the female genital tract and to remove any inert debris
entering the peritoneal cavity via the fallopian tubes by
phagocytosis. Examples include regurgitated menstrual
debris, sperm, bacteria, and inert detritus, which can be
transported via estrogen-stimulated genital tract secre-
tions that flow out the fimbrial end of the fallopian tube.
Because there is no physiologic access to the peritoneal
cavity of men under normal circumstances, it is not sur-
prising that the number of PF macrophages in men is
significantly less than that observed in normally cycling
women with patent fallopian tubes.

Circulating immature monocytes derived from the
bone marrow serve as the reservoir for the tissue macro-
phages, which are differentiated only after leaving the
vascular system and entering the tissue, when they take
on the specific characteristics required by their site of res-
idence; examples include pulmonary alveolar macro-
phages and von Kupffer’s cells in the liver. Thus, entry
into the PF is a normal process, and they develop their
functional characteristics only after entering the perito-
neal cavity. Under pathologic circumstances, increased
numbers of PF macrophages may be elicited by specific
stimuli or chemoattractants leading to an altered PF cell
population, both numerically and functionally. For exam-
ple, women with endometriosis, where the volume of re-
gurgitated menstrual debris is high, have up to 100 fold
the number of macrophages present in the PF.3146-4952
Furthermore, phagocytosis of the menstrual debris ap-
pears to activate the macrophages both morphologically
and functionally, as measured by phagocytosis, adher-
ence to plastic and phytohemagglutin- (PHA-) stimu-
lated hydrogen peroxide production as well as increased
cytokine production. Similar increases in the PF macro-
phage number and state of activation are observed in pa-
tients with renal failure undergoing peritoneal dialysis,
with the frequent surgical peritoneal entry representing
the eliciting and activating stimulus.

Whether there is a single dominant chemoattractant
primarily responsible for the entry of leukocytes into the
PF or if several factors are involved in specific clinical cir-
cumstances remains to be determined. However, a po-
tent attractant for mononuclear phagocytes, monocyte
chemotactic protein-1 (MCP-1), has been identified in
the PF, and higher levels of this protein have been ob-
served in the PF of women with adhesions.45 As macro-
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phages themselves secrete MCP-1, once they initially in-
filtrate the wound healing site they have the potential to
amplify the stimulus for entry of additional macro-
phages. Other soluble factors known to elicit leukocytes
have been identified in the PF, including transforming
growth factor-8,39-41 known to be associated with ampli-
fication of scar formation. Further work is necessary to
fully characterize the factors responsible for the dia-
pedesis of circulating monocytes into the peritoneal cav-
ity and to determine if these differ from those attracting
leukocytes to other tissue sites from the vascular system.

Peritoneal Wound Healing

The initial event after a surgical injury to the perito-
neum is deposition of fibrin at the wound surface. As
normal peritoneum has fibrinolytic activity,58-62 the de-
posited fibrin will be quickly degraded if the wound site
comes into contact with uninjured normal peritoneum.
This clearance of fibrin matrix occurs even if a clot is
present at the wound surface, and blood clots per se
have not been associated with adhesion formation. The
injured peritoneum in contact with the PF is quickly re-
constituted, with mesothelial cells completely resurfac-
ing the injury site and the basic relationship between
mesothelial surfaces reestablished. This process typically
takes 5 to 7 days63-65 and will occur in this time frame
regardless of the size of the injury. Beneath this surface,
the fibrin matrix is rapidly infiltrated by fibroblasts with
collagen and ECM deposition, tissue remodeling, and
neovascularization occurring over a much longer time
scale.66,67

If an injured peritoneal surface with its fibrin deposit
is in contact with another injured peritoneal surface, it is
more economical for the two fibrin matrices to combine
into a single matrix, converting the two sites into a single
wound healing site. This combined fibrin scaffold facili-
tates fibroblast infiltration and proliferation and colla-
gen deposition, increasing the tensile strength of the co-
alescing adhesion between the two wound sites. The
mesothelial cells recover the exterior aspects of the ad-
hesion, isolating the ECM from the peritoneal cavity and
reconstituting an intact peritoneal mesothelial surface.
This process results in the development of a coalescing
adhesion that, over time, gains tensile strength with the
deposition of additional ECM proteins and neovascular-
ization, resulting in a permanent adhesion.68

Independent of whether there is an isolated peritoneal
injury or two injury sites, the PF is constantly in contact
with the injury site and it is at this stage that the preexist-
ing constituents of the PF have the potential to influence
the wound healing process. Little is known of the magni-
tude of influence, which may be exerted by alterations in
PF. In elective surgery, therapeutic interventions may be
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able to favorably influence the PF and alter the nature of
the peritoneal wound healing process as well as correct
abnormal PF constituents.

Peritoneal Fluid Volume During
Wound Healing

Although this has not been carefully studied, the volume
of the PF is generally believed to increase immediately
following an abdominal surgery as a normal physiologic
response to the abdominal entry. This idea is consistent
with the observations of increased PF volume at “second-
look” laparoscopies, designed to assess the results of
therapeutic interventions to reduce the rate of postoper-
ative adhesion formation.

There has been an attempt to increase the volume of
PF during the postoperative interval with the intent of
providing a “hydroflotation” effect and to mechanically
separate the surfaces of the abdominal viscera during
the immediate postoperative interval, the critical period
for the restitution of the mesothelial layer. This interven-
tion was accomplished by instilling 32% dextran 70
(high molecular weight dextran, averaging 75,000 kDa)
at the termination of surgery.69 Because high molecular
weight dextran is well above the molecular size that can
easily pass through the peritoneum, the dextran mole-
cules are retained in the peritoneal cavity, creating an os-
motic gradient. This gradient increases the amount of
fluid within the cavity for a number of days postopera-
tively until the dextran molecules are metabolized to
smaller molecules and excreted. An initial clinical trial
suggested efficacy,69 but a subsequent study did not,70
and the use of 32% dextran 70 to reduce postoperative
adhesions has largely been abandoned.

Interestingly, intraperitoneal dextran is also internal-
ized by the PF leukocytes and alters their functional ca-
pabilities in vitro.7! Thus, any purported impact on peri-
toneal wound healing by instilling 32% dextran 70 may
be the result of the intended “hydroflotation” effect or
potentially a functional alteration in the PF macrophage
population. An effect on PF macrophage function has
also been reported with the use of radiographic contrast
material used for hysterosalpingography, which spills
into the PF, demonstrating tubal patency.72.73 Under-
standing the mechanism of any effect of intraperitoneal
instillates is important in interpreting the results of both
clinical and laboratory experiments.

Cellular Constituents of the Peritoneal Fluid
During Wound Healing

The first cell type that appears in the PF after a surgical
injury is the PMN.66,67 While elective surgery does not
represent an infection, this initial response reflects the
role of the PMN in defense of bacterial contamination of
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the peritoneal cavity. Once it is apparent that the injury
is surgical and not the result of a bacterial infection, the
PMNs promptly disappear from the PF because their
continued presence requires molecular signals emanat-
ing from bacteria. Lymphocytes are mediators of the
adaptive immune response, and this type of response is
not typically involved in either the immediate response
to injury or in wound healing, unless immunogenic epi-
topes are present. As a result, low numbers of lympho-
cytes are present in the PF and this number does not
change with injury or repair, making it unlikely that lym-
phocytes play an active role in healing of the perito-
neum.

The predominant leukocyte to appear in the PF is the
mononuclear phagocyte or tissue macrophage,66.67 a par-
ticipant in both the innate and adaptive immune re-
sponses as well as phagocytosis of debris and tissue
repair. There is little evidence to suggest that PF macro-
phages are involved in any adaptive immune responses
initiated in the peritoneal cavity. However, wound heal-
ing is remarkably similar to the innate immune response
involved in the removal of dead and dying cells, produc-
tion of cytokines and ECM proteins, stimulation of neo-
vascularity, and, over a longer time scale, remodeling of
the wound. Soluble factors secreted into the PF by
macrophages may be critical participants in these events
with the potential for aberrant responses leading to an
increased risk of adhesion formation.

Immediately after the surface mesothelial cells are de-
nuded, resident macrophages temporarily replace the
mesothelial layer and cover the exposed ECM, which
normally is not in contact with other peritoneal surfaces.
Over the next several days, proliferating mesothelial cells
rapidly displace these macrophages and cover the entire
surface area of the injury. The overriding principle
seems to be to reconstitute the mesothelial surface as
promptly as possible and thereby prevent the ECM and
fibrin at an injury site from coming into direct contact
with other injured sites with similar fibrin and exposed
ECM. Once the mesothelial surface is reconstituted, the
risk of development of coalescing adhesions is past, de-
spite the continued proliferation of fibroblasts within
the wound but below the surface. Therefore a critical
step in the repair of the peritoneum without the forma-
tion of coalescing adhesions, the proliferation of the
mesothelial cells, is susceptible to influence by the con-
stituents of the PF.

Soluble Factors in the Peritoneal Fluid
During Wound Healing

The cytokines secreted by PF macrophages and mesothe-
lial cells are likely to be involved in or at least reflect the
events occurring during peritoneal wound healing. Ad-
ditionally, granulocyte-macrophage colony-stimulating
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factor (GM-CSF), a mitogen and differentiation factor
that accelerates wound healing, also is increased in the
PF after injury.74-76 Because of the number of potent cy-
tokines present in PF (see Table 2.1), these soluble PF
constituents have the clear potential to modulate the cel-
lular events involved in reconstituting the peritoneal
membrane after surgical trauma. For example, alter-
ations in soluble factors present in the PF may influence
the development of coalescing adhesions by their effect
on tissue repair cells at the site of the wound by affecting
either cell numbers or function.?7-82 Experimental evi-
dence to support this concept comes from observations
that cytokines can influence the proliferation and secre-
tion of tissue repair cells in vitro, harvested from the site
of a peritoneal injury.83-86 The interpretation of these
experiments is somewhat limited as they are unable to
distinguish the various cell types present (such as fibro-
blasts from mesothelial cells) within the overall popula-
tion of tissue repair cells.

As noted earlier with cellular constituents, little infor-
mation is available regarding the influence of soluble PF
products on wound healing in vivo in humans. The ex-
perimental design must take into consideration the fact
that normal wound healing alters the soluble products
in the PF, complicating the identification of aberrant re-
sponses. However, in intact animal models, the adminis-
tration of transforming growth factor-beta; (TGF-8,) has
been observed to increase adhesion formation, and
when specific neutralizing antibodies to the TGF-Bs are
administered, the rate of adhesion formation is re-
duced.78,79,82,87 Similarly, when either the antiinflamma-
tory cytokine IL-10 is administered or eicosanoid pro-
duction is inhibited,88-94 the rate of adhesion formation
is decreased.

Immunomodulation of
Peritoneal Fluid Cells

There is a suggestion from experiments utilizing intact
animals that suppression of gonadal steroid production
during wound healing might alter the likelihood of post-
operative adhesion formation.9 Presumably, this might
result from the impact of gonadal steroids on either the
tissue repair cells themselves or the leukocytes attracted
into the site of the wound. Pituitary suppression of go-
nadotropins with a gonadotropin hormone-releasing
hormone (GnRH) agonist provides virtual complete sup-
pression of ovarian steroidogenesis and the marked de-
pression of circulating sex steroids. Based on the obser-
vations of the high gonadal steroid concentrations in the
PF of cycling women, this should dramatically reduce the
PF concentrations of gonadal steroids as well. As macro-
phage function is known to be influenced by estrogen,
an effect might be mediated by the alteration in function
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of the PF macrophage by the change in the steroid envi-
ronment within the PF. Comparable studies utilizing
GnRH agonists have not been reported in humans, so
the clinical utility of inducing hypogonadism preopera-
tively has yet to be demonstrated.

The use of glucocorticoids or progesterone, both of
which are generally considered to be immunosuppres-
sive and thus to alter the immune response and by infer-
ence the PF immune cells, has been advocated. No cred-
ible data demonstrating efficacy in humans have been
reported. Experimental demonstration of efficacy with
immunosuppressive steroids is hampered by the diffi-
culty in maintaining high concentrations of these
steroids at the site of the wound or within the PF. The
small molecular size of steroids coupled with their lipid
solubility virtually guarantees uniform body distribution
and will undoubtedly make this approach a daunting
technical feat. Administering large enough doses to en-
sure a high PF concentration simply has too many sys-
temic side effects to be useful on a clinical basis without
the clear demonstration of a very high degree of efficacy.

Attempts at specifically altering PF macrophage func-
tion have also been considered. Results of experiments
using the immunomodulator pentoxyfine% and calcium
channel blockers%7-101 have not yielded a benefit of suf-
ficient magnitude in animal models to embark on large-
scale human trials. As noted earlier, the use of non-
steroidal antiinflammatory drugs (NSAIDs) (ibuprofen
and meclofenamate) in animal models to reduce eico-
sanoid production88-94 has proven effective in lowering
the rate of postsurgical adhesions. However, these agents
have not yet been adequately tested for efficacy in large-
scale clinical trials. A similar problem of being unable to
maintain an adequately high local concentration of the
NSAID at the site of tissue repair without systemic toxic
effects is likely a major stumbling block.

Attempts to simply reduce the numbers of macro-
phages drawn into the wound have also been carried
out. Neutralizing antibodies to MCP-1 have been noted
to reduce adhesion formation in an animal model.45 It is
too early to know whether these experiments will lead to
a treatment option in humans, but the focus on the cel-
lular constituents of the PF during wound healing re-
sponse appears to be a worthwhile avenue of inquiry,
based on these animal experiments.

Modulating Hemostasis in
the Peritoneal Fluid

Attempts to interrupt the initial event in the wound heal-
ing process, the deposition of fibrin at the wound sur-
face during the postoperative interval, have not been
promising. The use of the anticoagulant heparin both
systematically and within the peritoneal cavity has been
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advocated without supporting experimental or clinical
data demonstrating efficacy in controlled clinical tri-
als.70 Similarly, increasing fibrinolytic activity by using in-
traperitoneal or systemic tissue plasminogen activator
(tPA) has not yet been demonstrated to be of value.
Given the serious hazards of anticoagulation in surgical
patients and the expense of tPA, these therapeutic strate-
gies will require rigorous proof of efficacy before intro-
ducing them for routine use on a clinical basis.

Does Peritoneal Fluid
Inflammation Influence
Postoperative Adhesions?

The general assumption has been that when the perito-
neum is required to heal in the midst of an inflamma-
tory exudate, the process is adversely influenced, favor-
ing the formation of adhesions. However, on closer
inspection, the process of wound healing closely resem-
bles an inflammatory response, at least in terms of the
tissue repair cells and cytokines involved.18 Furthermore,
in the midst of an inflammatory process, tissues not sur-
gically injured, especially the subcutaneous tissue, are
regularly reconstituted without excessive adhesion for-
mation, such as occurs after the drainage of a subcuta-
neous abscess or a surgical wound infection. Retrospec-
tive observations are complicated by the fact that a
surgical procedure performed to drain an abscess may it-
self represent a stimulus for any observed postoperative
adhesions. For example, the procedure to drain an ap-
pendiceal abscess may be responsible for any adhesions
at the site, quite independent of the impact of the ab-
scess itself. This issue will remain unresolved until appro-
priate experimental designs are utilized to separate the
impact of the inflammation itself from the surgical pro-
cedures designed to treat the inflammatory process.

Impact of Surgical Barrier Material
in the Peritoneal Fluid

Because peritoneal injuries reconstitute normal perito-
neum without coalescing adhesions when healing occurs
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without the injured site coming into direct contact with
another injured site, a therapeutic barrier strategy has
evolved. Simply put, surgically injured peritoneal sur-
faces are prevented from apposition with other injured
surfaces during the healing interval by covering the in-
jured site with a surgical barrier. The ideal antiadhesion
barrier would be composed of a material that (1) is not
injurious to the peritoneum in its own right, (2) does
not elicit PF leukocytes, (3) is removed from the perito-
neum by simple hydrolysis and not by degradation,
(4) remains intact for 5 to 7 days, (5) is not thrombo-
genic, (6) adheres to peritoneal surfaces without su-
tures, (7) has the flexibility to conform to the contours
of the pelvic viscera, and (8) can be used at both laparot-
omy and laparoscopy. Not surprisingly, there are no ideal
surgical barriers clinically available, but the greater the
number of characteristics of the biomaterial that are fa-
vorable, the more attractive the barrier. The impact of
the various biomaterials on the PF becomes a critical is-
sue when evaluating clinical usefulness (Table 2.2).

One currently available barrier is composed of oxi-
dized regenerated cellulose (ORC, Interceed®). ORC
certainly acts as a temporary mechanical barrier between
surgically injured peritoneal surfaces, but its removal re-
quires degradation by PF peritoneal leukocytes.102 ORC,
in fact, elicits and activates large numbers of PF macro-
phages5 for this purpose. As it is currently commercially
manufactured, ORC is extremely acidic, injuring any
cells that come into direct contact with the barrier. Fur-
ther complicating this picture is the fact that ORC is
thrombogenic and actually increases the postoperative
adhesion risk if meticulous hemostasis is not attained.
Not surprisingly, although ORC has been found to re-
duce adhesion formation in multicenter randomized
clinical trials at specific pelvic sites, the magnitude of the
benefit is relatively small,103,104 and this material is actu-
ally adhesiogenic in some animal models.105 Whether
the efficacy of ORC as a barrier material could be im-
proved by manufacturing it with characteristics less
evocative of a degrading inflammatory response or with
less directly injurious effects on tissues remains to be de-
termined.

A second currently available barrier material is com-
posed of expanded polytetrafluoroethylene (PTFE, Pre-
clude® Surgical Membrane), a nonreactive permanent

TABLE 2.2. Impact of surgical barrier material on the peritoneal fluid leukocyte population

Barrier material

Leukocyte number

Leukocyte activation

Oxidized regenerated cellulose Increased Increased
(Interceed®)5
Expanded polytetrafluoroethylene Normal Increased

(Preclude Surgical Membrane®)5
Hyaluronic acid-carboxy-
methylcellulose (Seprafilm®)
Chemically modified hyaluronic
acid (Incert®)111

Not yet evaluated

Normal

Not yet evaluated

Normal
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material. PTFE does not elicit large numbers of PF
leukocytes although it does have some impact on the ac-
tivation of PF leukocytes, albeit less than that of ORC.5
While it has been demonstrated to reduce postoperative
adhesions in both animal models!05 and humans,106,107
its major drawback is that it is a permanent material and
pelvic surgeons are understandably reluctant to leave it
in place. In cardiac surgery, where PTFE is used to re-
place the pericardial membrane, and in other surgical
applications, it has been left in place permanently with-
out complications.108

Concerns regarding the characteristics of the initial
biomaterials utilized in clinical surgical barriers have
led to interest in constructing barriers of naturally
occurring extracellular matrix molecules such as hyal-
uronic acid (HA). A solid barrier composed of HA cou-
pled with carboxymethylcellulose (Seprafilm®) has
been shown to be clinically efficacious in reducing post-
operative adhesion formation in both gynecologic and
general surgery.109.110 Another barrier composed of
chemically cross-linked HA (Incert®), which is effica-
cious in animal models, has been demonstrated to have
minimal impact on the cellular constituents of PF.111 In-
terpreting these data from the various barriers remains
difficult, but there seems little doubt that developing
surgical barrier materials that have the desired rapid
disappearance and tissue response characteristics while
simultaneously minimally impacting the PF constituents
remains the goal (see also Chapters 34, 40, and 41).

Summary

PF is a biologically important fluid critical to the normal
function of the intraabdominal viscera. Soluble and cel-
lular constituents of the PF both reflect the events occur-
ring during wound healing in the peritoneal cavity and
have the potential to modulate the outcome of tissue re-
sponse to injury. The basic question as to whether
greater numbers of PF leukocytes with higher levels of
activation enhance or retard development of postopera-
tive adhesion formation is not known. However, a more
thorough understanding of the impact of macrophages
and macrophage-derived cytokines on the wound heal-
ing process will undoubtedly help in developing more ef-
fective therapeutic strategies to reduce the risk of post-
operative adhesion formation.
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The function of two types of cells (peritoneal leukocytes
and tissue repair cells [TRC] or mesothelial cells) in the
repair of peritoneal injury has been extensively studied.
The contribution of these cells to the process of perito-
neal repair and studies on the functional alterations of
these cells following surgical trauma and exposure to
various growth factors are reviewed as part of this chap-
ter.

Inflammation

In response to the initiation of inflammatory and coagu-
latory responses, numerous cytokines and lipid media-
tors are released that modulate and orchestrate cellular
function. After the acute release of mediators by the
cells resident in the peritoneum, their continued pro-
duction is dependent on the cell type present and the ac-
tivation state of the cells. Cytokines or growth factors are
proteins that work as paracrine or autocrine regulators
of cell functions. The actions of some of these factors are
described further here with specific reference to modu-

lation of function of postsurgical TRCs (cells harvested
from the site of injury in rabbits after abrasion of the
sidewall) or mesothelial cells and leukocytes (in the ex-
udative fluid after surgery). One of the essential events
for the development of inflammation is the recruitment
of inflammatory cells to the sites of tissue injury. This
phase involves the release of mobile effector cells (poly-
morphonuclear neutrophils, PMNs), monocytes, and
eosinophils) from storage sites and modulation of their
response by extracellular matrix, plasma, and factors.
The kinetics of cellular infiltration observed at the site
of injury are similar to those observed in the peritoneal
cavity after surgical trauma. The earliest cells to appear
on the damaged peritoneum are predominantly PMNs,
which persist in large numbers for 1 to 2 days and then
rapidly disappear if infection is absent. This PMN influx
is followed by an increase in the number of monocytes,
which rapidly differentiate into macrophages. This in-
flux of monocytes is greater than local macrophage pro-
duction during the first 6 to 48 hours, depending upon
the stimulus employed. The contribution of stimulated
local production, if any, is not evident until the second
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day after initiation of inflammation.! On days 4 and 7,
the predominant cells on the peritoneal surface are
mesothelial cells. After postoperative day 5, the predomi-
nant cells in the peritoneal fluid are macrophages, which
are critical to the resolution of surgical injury. TRCs,
which secrete connective tissue matrix, proliferate
throughout the wound base.2 The activity of TRCs, as
measured by protein and collagen synthesis, also in-
creases after surgery, reaching peak levels on postsurgi-
cal days 5 to 7. These cells are not “fibroblasts” as they re-
spond to a variety of stimuli, including monokines, in a
manner distinct from established cell lines.

Peritoneal Leukocytes

It has become evident that leukocytes are essential in the
repair of peritoneal injury. Cells composing the mono-
nuclear phagocyte system include bone marrow precur-
sors, monocytes, and macrophages and share a similar
morphology, bone marrow origin, and avid phagocytic
capacity. The macrophage has received considerable at-
tention in studies of peritoneal repair because of the
multitude of functions this cell performs. Healing after
peritoneal surgery involves a complex process of cellular

TaBLE 3.1. Ligands for macrophage receptors

Immunoglobulin and complement
IgG-1, IgG-2b
IgG-2a
IgG-3
IgG-1, IgG-3 monomers
IgG complexes
IgE
C3b, C4b, C3bi, C3d, Cba
Other proteins
Mannosyl-, fucocyl-, Macetylglucosaminyl-terminal glycoproteins
Alphag-macroglobulin-protease complex
Fibronectin
Fibrin
Lactoferrin
Colony-stimulating factors
Migration inhibitory and macrophage activation factors
Insulin
Factors VII, VIIa
Interferons
Peptides
Neuropeptides (enkephalins, endorphins)
Arginine vasopressin
NFormylated peptides from bacteria, mitochondria
Polysaccharides
Lipopolysaccharide endotoxin
Carbohydrates on certain cells
Hyaluronic acid
Others
Adrenergic agents
Cholinergic agents
Phorbol diesters
Histamine

Modified from Nathan and Cohn.3
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TABLE 3.2. Secretory products of macrophages

Enzymes
Lysozyme
Plasminogen activator
Collagenase
Elastase
Angiotensin convertase
Acid proteases
Acid lipases
Acid nucleases
Acid phosphatases
Acid glycosidases
Acid sulfatases
Arginase
Lipoprotein lipase
Phospholipase Ay
Enzyme inhibitors
Alphag-macroglobulin
Alphas-antiprotease
Lipocortin
Alphaj-antichymotrypsin
Coagulation factors
Factors X, IX, VII, V
Protein kinase
Thromboplastin
Prothrombin
Thrombospondin
Fibrinolysis inhibitor
Complement cascade components
Cl, C2,C3,C4,Ch
Factors B, D
Properdin
C3b inactivator
Beta-1H
Additional proteins
Transferrin
Transcobalamin II
Fibronectin
Apolipoprotein E
Tumor necrosis factor
Interleukin-1
Colony-stimulating factor
Erythropoietin
Thymosin-B4
Serum amyloid A, P
Haptoglobin
Interferons alpha, beta
Platelet-derived growth factors
Transforming growth factor-8
Reactive oxygen intermediates
0,
OH*
Hypohalous acids
Lipids
PGEy, PGFoa
Prostacyclin
Thromboxane Ay
Leukotrienes B, C, D, E
Mono-HETES and di-HETES
Platelet-activating factor
Small molecules
Purines
Pyrimidines
Glutathione




3. Peritoneal Tissue Repair Cells

migration, proliferation, differentiation, interaction, and
secretion of extracellular matrix, and macrophages play
a pivotal role in these events. In addition to the regula-
tion of wound healing, macrophages are involved not
only in the elimination of bacteria, tissue debris, and fib-
rin deposits. The macrophage surface is endowed with a
variety of proteins that allow it to maintain continual
contact with its environment (Table 3.1).

Macrophages are able to secrete at least 80 different
products (Table 3.2); these include various components
of the complement cascade, coagulation factors, pro-
teases and antiproteases, and arachidonic acid metabo-
lites.5 Regulation of the macrophage’s secretory ability
differs from molecule to molecule, with most of the se-
cretion being stimulated by receptor-ligand interaction.
The secreted material is released via different routes,
such as fusion of the vesicles with the membrane or by
opening of the phagolysome to the surface.

A summary of the effects of surgery on the function of
peritoneal macrophages can be found in Table 3.3.6
After peritoneal surgery, macrophages are recruited into
the site of injury and differentiate. The function of peri-
toneal macrophage changes as healing progresses. The
functional alterations of peritoneal macrophages have
been assessed by examination of the respiratory burst
capacity (superoxide anion release), arachidonic acid
(AA) metabolism, cytokine production, the production
of proteases and protease inhibitors, and tumoricidal ac-
tivity.

Respiratory Burst

Macrophages are a major defense against a variety of mi-
croorganisms, such as viruses, bacteria, fungi, and proto-
zoa. Microorganisms are recognized by macrophages pri-
marily through the bindings of opsonins. A variety of
opsonins exist, including immunoglobulin and comple-
ment fragments. Once recognition occurs, the major an-
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timicrobial activity of the macrophage is the production
and intracellular release of reactive oxygen intermedi-
ates (ROI), such as Oy, HyOy, and OH™.7.8 There is a
close correlation between the antimicrobial activity of a
macrophage population and its ability to secrete ROIs as
well as between the ability of a microorganism to trigger
ROI secretion during its ingestion and its susceptibility
to macrophage destruction.?

The release of ROIs increases rapidly after surgery,
peaking at 6 hours and decreasing by day 1.10.11 There-
after, the production of superoxide anion increases to a
peak on days 4 and 7 after surgery and returns to control
levels by day 15. This suggests that resident peritoneal
macrophages are primed by operative injury and func-
tion as antimicrobial agents in conjunction with PMNs
during the first few hours after operative injury.11 Newly
infiltrating macrophages or resident macrophages may
interact with PMNs, secretory factors from PMNs, or
other factors from an acute inflammatory response to be
functionally altered. Studies of the interaction of early
postoperative macrophages with conditioned media
from postsurgical PMNs support this hypothesis.1! In the
absence of infection, this early priming stimulus will
abate.

Arachidonic Acid Metabolites

AA metabolites are potent mediators of inflammatory re-
sponses and may therefore regulate many events that oc-
cur in wound repair, such as leukocyte chemotaxis.
Prostaglandin Eg (PGEy) is proinflammatory and medi-
ates events such as edema formation, endothelial cell
procoagulant activity, and vasodilation.12 Thromboxane
(TxBy) is a potent stimulator of platelet aggregation and
is chemotactic for PMNs.13 Hydroxyeicosatetraenoic acid
(HETE) metabolites inhibit the formation of AA meta-
bolites and lead to PMN infiltration.14 Therefore, an in-
crease in AA metabolism by peritoneal exudate cells

TABLE 3.3. Alterations in peritoneal exudate cell (PEC) functions as a function of postoperative time (increased
or decreased activity compared to resident, nonoperative controls)

Time after surgery (hours)

PEC function 6 48 72 120
Cell PMNs T ™ ™ T No change
Cell macrophages No change T T ™ T
Superoxide anion stimuli T T T ™ (N
No stimuli No change No change No change No change T
Interleukin-1 stimuli NA No change NA ™ No change
No stimuli NA No change NA T
Tumor necrosis factor

stimuli NA T NA ™ T
No stimuli NA ™ NA ™ T
Plasminogen activator NA AN l l No change
Plasminogen activator inhibitor NA (N T T No change

PMNs, polymorphonuclear neutrophils; NA, not applicable. T, increased; »L, decreased.
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(PEC) from postoperative rabbits may contribute to the
ongoing inflammatory and wound healing processes.
Studies of postsurgical leukocytes have revealed a selec-
tive increase in synthesis of 15-HETE and diHETE begin-
ning 24 hours after operative injury was observed along
with a diminution of 5-HETE, suggesting a reduction in
PMN number. Thereafter, an additional increase in TxBo
(the stable end product of TxA) and PGE, on days 2 to
10 after operation was observed.15

Cytokine Production

Interleukin-1 (IL-1) and tumor necrosis factor (TNF) are

two of several soluble proteins produced by macro-

phages in response to a variety of stimuli. These cy-
tokines alter many of the biological activities of cells in-
volved in peritoneal postoperative repair (Table 3.4).
IL-1 was shown to stimulate the production of collagen,
collagenase, and prostaglandins (PGs) by fibroblasts as
well as endothelial cells in vitro.14-51 The treatment of
endothelial and mesothelial cells with IL-1 resulted in
decreased production of tissue plasminogen activator
(tPA), an increase in cell-associated activity, and an in-
crease of a tissue plasminogen activator inhibitor (PAI)
(Table 3.4). Thus, exposure to IL-1 could result in a sig-
nificant reduction in the fibrinolytic activity of endothe-
lial and mesothelial cells.52-56 These complementary ac-
tions of IL-1 on procoagulant and fibrinolytic activities
may, in turn, enhance the production and maintenance
of fibrin. This idea is supported by in vivo studies which
have shown that postoperative and postirradiation ad-
ministration of IL-1 increased adhesion formation.57.58
Secretion of IL-1 by peritoneal macrophages from
postoperative rabbits changes as a function of postopera-
tive time.59.60 In conditioned culture media from unstim-
ulated macrophages harvested from postoperative rab-
bits, IL-1 levels are increased on postoperative day 14
compared with the level of IL-1 secreted on postopera-
tive days 3 and 7. Secretion of TNF, which can modulate
mesothelial cell function, by unstimulated macrophages
from postoperative rabbits peaks on days 1 and 14.
Therefore, the levels of TNF and IL-1 secreted from peri-
toneal macrophages of postoperative rabbits are elevated
during the later phases of peritoneal healing and may be
involved in the remodeling phase rather than the heal-
ing phase of peritoneal repair. IL-1 and TNF also stimu-
late the release of PGEy, which inhibits fibroblast repli-
cation and macrophage activation, both of which are
important in the remodeling phase.61,62 Korn et al.63 re-
ported that supernatants of monocytes or macrophages
suppressed fibroblast proliferation and that this inhibi-
tion of growth parallels the increase in PGE, synthesis by
the fibroblast. In addition, this inhibition is reversed by
inhibitors of PGE, synthesis (e.g., indomethacin) and is
reproduced by addition of exogenous PGE, to fibroblast

Kathleen E. Rodgers

cultures. Thus, IL-1 and TNF secretion by macrophages
from postoperative animals may play a role in the later
phase of repair after peritoneal operation through sev-
eral different mechanisms.

Tumoricidal Activity

In certain stages of activation, macrophages have the
ability to cytolyse tumor cells in the absence of a spe-
cific antitarget cell antibody.64.65 Such cytolysis occurs
over 1 to 3 days and is contact dependent, selective for
neoplastic cells, and does not involve phagocytosis.66
Cytolysis involves two clearly definable steps: selective
capture of tumor cells and binding to the macrophage
surface, and secretion of toxic substances.67 The lytic
substance appears to be secreted into the limited space
formed between the junction of the macrophage and
the bound tumor cell. There is some evidence that a
novel serine protease as well as TNF may serve as lytic
substances.68

The effect of peritoneal surgery on the tumoricidal ac-
tivity of leukocytes was examined in the rat.69 As early as
24 hours after surgery, there was a slight increase in the
tumoricidal activity of PEC. This elevation in tumoricidal
activity was maximal by day 7 after surgery and had be-
gun to return to control levels by day 14. This study also
showed that acute administration of a cyclooxygenase in-
hibitor, tolmetin, at the time of surgery further elevated
the tumoricidal activity of postsurgical macrophages.

Macrophage-Mediated Regulation of
Extracellular Matrix Degradation and
Deposition

Macrophages have been implicated in the degradation
of the extracellular connective tissue matrix at inflamma-
tory sites. Degradation of rat vascular smooth muscle cell
matrix by thioglycollate-elicited macrophages was shown
to be dependent on both the length of incubation and
the number of macrophages plated.?0.71 The ability of
the macrophage to degrade is related to the secretion of
neutral proteinases, including plasminogen activator,
elastase, and collagenase. Each of these proteinases di-
gests a different component of the extracellular matrix.
Plasmin, the result of an interaction between plasmino-
gen activator (PA) and plasminogen, is a potent pro-
teinase that degrades the insoluble glycoprotein compo-
nents of the extracellular matrix and is a primary
fibrinolytic enzyme. The matrix components, elastin and
collagen, are principally degraded by the enzymes elas-
tase and collagenase, respectively.

The ability of various macrophage populations to di-
gest collagen was augmented by the addition of fibro-
blasts to the macrophage culture.?2 The extent of colla-
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gen degradation in coculture of macrophages and fi-
broblasts was greater than the sum of degradation ob-
served with either two cell populations alone. Enhanced
collagen degradation was observed when only a small
number of fibroblasts (1% of total cell number) were
cultured with macrophages. Synergy between fibroblasts
and macrophages with respect to glycoprotein depletion
was also demonstrated by these researchers, but this ef-
fect was less obvious because of the high rate of glycopro-
tein digestion achieved by either cell type alone.

There are two types of PA, tissue PA (tPA) and uroki-
nase (uPA). Macrophages secrete uPA, which interacts
with cellular receptors and mediates cell-associated fibri-
nolysis.’3 PECs from postoperative rabbits secrete in-
creasing levels of PA 3 to 7 days after operation, reaching
peak values on day 10 and thereafter decreasing to con-
trol levels by day 21.74 The levels of PA produced by
macrophages from postoperative rabbits, however, are
lower during the first 5 days after operation than the lev-
els expressed by peritoneal macrophages from nonoper-
ative rabbits.

Decreased release of PA by postoperative macrophages
early after operation may be caused by the release of an
inhibitor (PAI) by these cells.75 The early secretion of an
inhibitor of fibrinolysis may be instrumental in facilitat-
ing the deposition of fibrin during early stages (postop-
erative days 1 to 5) of vascular hemostasis and peritoneal
repair. Later, an increase in the fibrinolytic activity in the
healing wound, through an increase in PA and a de-
crease in PAI activity, may be important in promoting
deposition of the tissue matrix and resolving fibrin de-
posits.

Peritoneal macrophages secrete an inhibitor of uPA
that is most prevalent at 1 to 3 days after peritoneal oper-
ation and thereafter gradually decreases to nonoperative
levels by day 10.75 Macrophage-mediated inhibition of
PA is partially acid sensitive, suggesting that at least two
types of PAls are secreted. Macrophage-conditioned
medium suppresses the enzymatic activity of both small
(33-kDa) and large (54-kDa) uPA. Secretion of PA and
PAI activities by macrophages from postoperative rabbits
was elevated by exposure to IL-1 in culture.’6 Therefore,
macrophages from postoperative rabbits may directly
modulate fibrinolytic activity during peritoneal reepithe-
lialization by inhibiting fibrinolysis during postoperative
days 1 to 5 and, later, by decreasing inhibition of fibrino-
lysis as well as increasing the level of PA activity to resi-
dent (nonoperative) macrophage levels.

In addition to its indirect facilitatory effect on elastase
and collagenase activity, plasmin appears to influence
the activation of collagenase to its active form.77 The col-
lagenase synthesized by the macrophage is in a latent
form and must be activated before it is capable of digest-
ing collagen. Plasmin is among the molecules that are
capable of activating latent collagenase.

Kathleen E. Rodgers

Tissue Repair Cells

Reepithelialization of peritoneal defects was shown to
occur over the entire surface simultaneously.78,79 There-
fore, a relatively large injury will reepithelialize as rapidly
as a smaller wound. The proliferation of cells found at
the site of peritoneal trauma and the modulation of
their proliferation by macrophage secretory products
and growth factors is reviewed.

To study the role of macrophages in the repair of
injured peritoneum, the influence of peritoneal macro-
phages on activity of TRCs (tissue repair cells) was exam-
ined. TRCs are morphologically transformed and acti-
vated to proliferate when cocultured with postsurgical
macrophages. An alteration in the morphology of a TRC
from a flat-oval shape to a more spindly appearance oc-
curs together with the macrophage-induced inhibition
of TRC proliferation. Alterations in the morphology of
TRC cultures upon exposure to medium from postsurgi-
cal macrophage cultures indicate a complex change in
cell metabolism to maximize the potential for migration.
This dissociation between basal proliferation and re-
sponsiveness to stimuli might be related to a time con-
straint for the cell to return to the original nonmigratory
state before division at the site of injury.

Mesothelial and other epithelial cells collected from
the site of peritoneal injury at various times after trauma
are referred to in this chapter as TRCs. To study the
reepithelialization of peritoneal injury and the changing
character of these cells, a standardized excision of rabbit
parietal peritoneum was used to initiate peritoneal re-
pair.80-84 At 4 days after peritoneal injury, the surface of
the healing peritoneum contains proliferating mesothe-
lial cells that actively secrete connective tissue ma-
trix.7879 The cells on the surface of the parietal defect
are harvested and grown in culture for 4 to 8 days to al-
low for the generation of a confluent layer of adherent
cells. This layer is essentially devoid of leukocytes. The
activity of TRCs, as measured by protein and collagen
synthesis, increases after surgery, reaching peak levels on
postsurgical days 5 to 7.81 These TRCs respond to a vari-
ety of stimuli including monokines in a manner dis-
tinctly different from that of established fibroblast cell
lines.82,84

Cell-to-Cell Response

Macrophages are critical in the final resolution of tissue
debris and completion of healing, a process that ends in
the formation of the connective tissue matrix and meso-
thelial syncytium.8586 In nonsurgical systems, macro-
phages provide the primary stimulus for proliferation of
fibroblasts.87-90 Factors secreted by activated macro-
phages in nonsurgical systems can stimulate fibroblast
proliferation (macrophage-derived fibroblast growth
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factor [FGF], IL-1, and tumor necrosis factor [TNF]). As
a direct or indirect response to these factors, fibroblasts
proliferate and secrete connective tissue proteins includ-
ing fibronectin, proteoglycans, collagen, and proteases
such as collagenase and elastase. Proper coordination of
these fibroblast-mediated functions leads to the repair
and remodeling of tissue. In addition, the rate and ex-
tent to which these factors regulate wound healing may
be amenable to modulation by extrinsic intervention.

Fibroproliferative activity in TRCs is increased on post-
surgical days 4 and 7 and decreases to resident levels on
day 28.83 TRC proliferation is generally suppressed in
situ when compared to TRC cultured in medium supple-
mented with only fetal bovine serum.80.83 Candidates for
mediators of this suppression of proliferation include
prostaglandins,?1.92 interferons,9 arginase,% and com-
plement cleavage products.95.96 The manifestation of
these complex signals appears to be a function of (1) the
period of time after surgery and (2) the length of prein-
cubation of the cells.

Effect of Culture Time

Proliferative and functional activities of TRCs collected
directly from injured peritoneum were determined in
vitro to study activation and differentiation of TRCs in
vivo. Although TRCs rapidly proliferate after recovery
from injured peritoneum, this activity gradually de-
creases during culture. In addition, collagen production
(as measured by 3H-proline incorporation) by TRCs also
decreases during culture.8! Because sulfate is found
mainly in glycosaminoglycans, 35sulfate was used to mon-
itor the production of glycosaminoglycans by TRCs. In-
terestingly, 35S-sulfate incorporation into TRCs gradually
increases during culture.8!

The secretory products of macrophages recovered
from peritoneal exudate at various times after surgery
initially suppress (during the initial 48 hours of culture)
and later enhance (following 48 to 54 hours of incuba-
tion) the incorporation of thymidine into fibroblasts.83
This suppression by postsurgical macrophages is signifi-
cantly less than that observed with resident (nonsurgi-
cal) macrophages.80.83 Therefore, modulation of TRC
proliferation by macrophages appears to be a complex
process involving elements of both suppression and stim-
ulation. There may be a lag time during which TRCs are
either refractory to proliferative signals from postsurgi-
cal macrophages or are controlled by inhibitors of prolif-
eration. Alternatively, TRCs may not be initially respon-
sive to macrophage-derived growth factor(s), but the
inhibitory signal(s), which is presumably also macro-
phage derived, initially predominates. Because the inhi-
bition of TRC proliferation is reduced at later times in
culture, the inhibitory signals (1) may be short lived (as
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prostaglandins are thought to be) or (2) may be over-
come (or inactivated) by fibroproliferative factor(s), or
(8) changes in TRC responsiveness to inhibitory factors
may occur during culture.

Macrophages produce soluble mediators that modu-
late TRC growth during peritoneal repair. Interaction
between TRCs and regulatory proteins from surgically
elicited macrophages is important for peritoneal reep-
ithelialization. Maximal stimulation of TRC proliferation
can be achieved by an extract of macrophage-spent me-
dia. Macrophages are potent secretory cells, and spent
medium contains many soluble mediators for peritoneal
repair including growth factors, prostaglandins (PGs),
and uPA.87.97-103 PGEy inhibits the proliferation of fi-
broblasts, whereas PGFy, is usually stimulatory.104-106 Al-
though resident (nonactivated) macrophages may func-
tion as negative modulators of fibroblast proliferation, a
facilitation of TRC proliferation and protein secretion
may occur after interaction between TRCs and macro-
phages elicited and subsequently activated by surgical in-
jury. In this way, macrophages may function in many as-
pects of peritoneal tissue repair after surgery.107-109

At day 5 after peritoneal surgery in rabbits, TRCs in-
corporate greater amounts of thymidine compared to
day 2 TRCs.82 Thereafter, mitogenic activity decreases
during extended postsurgical times. Day 2 TRCs might
not be fully capable of mitogenesis, whereas day 5 TRCs
are more active in vivo. At postsurgical day 7 and day 10,
TRCs differentiate, allowing for production of extracel-
lular matrix. TRCs are morphologically transformed and
activated to proliferate when cocultured with postsurgi-
cal macrophages.110 The mitogenic activity of TRCs co-
cultured with postsurgical macrophages or spent media
from postsurgical macrophages is greater than that mea-
sured when they are cultured with nonsurgical macro-
phages.

The effect of postsurgical macrophages on TRC prolif-
eration changes as a function of postsurgical time. Post-
surgical macrophages alter the composition of their se-
cretory products as a function of time.56.60.82 Initially,
macrophages may stimulate the proliferation of TRCs;
later macrophages modulate differentiation of TRCs to
produce extracellular matrix.83.86

The net effect result of macrophage growth factor se-
cretion is TRC proliferation in an appropriate ratio dur-
ing peritoneal reepithelialization. Transforming growth
Factor-B (TGF-B) enhances the anchorage-independent
proliferation of fibroblasts but does not stimulate an-
chorage-dependent growth.82.111 However, stimulation of
extracellular matrix production may be a more specific
activity of TGF-B rather than enhancement of cell prolif-
eration.

From the foregoing observation, the following hypoth-
esis was developed: the mobilization and proliferation of
TRCs are responsive to factors secreted by postsurgical
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macrophages. Although resident macrophages may
function as negative modulators of TRC proliferation,
the postsurgical macrophage secretes substances that in-
duce migration and proliferation of TRCs. The effect of
postsurgical macrophages on TRC function may thus be
dependent upon (1) the responsiveness of TRCs to these
substances and (2) the populations of macrophages pre-
sent. This concept is supported by the observation that,
after surgical trauma in vivo, migration and proliferation
of TRCs are accelerated and then stop once tissue repair
is complete. In addition, postsurgical macrophages can
modulate the proliferation, morphology, and secretory
products of postsurgical TRCs in vitro. Accordingly, peri-
toneal wound healing may be controlled by the regula-
tion of macrophage migration or TRC proliferation.

Growth Factors

A large number of factors contribute to the growth of fi-
broblasts.99,112-116 At the injured site, TRCs are involved
with other cell types (i.e., lymphocytes, PMNs, platelets)
that may modulate the in situ proliferative and func-
tional activities of TRCs via cell-tocell interactions or se-
cretion of cytokines.117.118 Platelet-derived growth factor
(PDGF), isolated from platelets, stimulates the prolifera-
tion of normal skin and established fibroblast cell lines.
PDGF also functions as a chemoattractant for fibro-
blasts.119 Shimakado and his colleagues reported the pro-
duction of a PDGF-like factor by macrophages.120 Many
factors occur in several compartments involved in tissue
repair: serum, wound fluid, platelets, macrophages, and
TRCs. FGF, readily produced by macrophages,115 stimu-
lates the proliferation of fibroblasts and endothelial
cells.63.116 Epidermal growth factor (EGF), initially isolated
from the submaxillary gland, is present in serum.12!
Insulin-like growth factor-1 (IGF-1) /somatomedin-C was
isolated from fibroblasts.122 TGF-B is found in platelets,
wound fluid, and macrophages.123-125 Following stimula-
tion in vivo or in vitro, macrophages produce “factors”
that stimulate the proliferation and expression of differ-
entiated functions of a variety of cell types.51,109,126 JL-1,
which is produced by stimulated macrophages, has the
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potential to enhance the proliferation and differentia-
tion of fibroblasts.49,50,106,127

A large number of factors were shown to modulate the
proliferation of fibroblasts. Because TRCs are not fi-
broblasts, however, the effects of some of these factors
on the proliferation of TRC were examined (Table 3.5).
At the site of peritoneal injury, TRCs are in contact with
other types of cells that may modulate the proliferative
and functional activities of TRCs through cell-to-cell in-
teraction or the secretion of cytokines, such as PDGF,
IL-1, TNF, fibroblast growth factor (FGF), EGF, and
TGF-8.

EGF and FGF stimulate the incorporation of thymi-
dine into TRCs.82 Interestingly, TRC responsiveness to
EGF increases during the postsurgical period, with TRCs
on postsurgical day 10 demonstrating the greatest re-
sponse to EGF. PDGF also stimulates the incorporation
of thymidine into TRCs, but the stimulation is only 30%
of control values for postsurgical day 10 TRCs.82.128
PDGF stimulates the proliferation of fibroblasts, espe-
cially under conditions of confluent culture. The effect
of PDGF on proliferation is thought to induce the entry
of Gy-arrested cells into the proliferative phase of the
cell cycle.129 TRCs may be undergoing a mitotic cycle
and, therefore, do not manifest as great a response to
the addition of PDGF as established fibroblasts. EGF and
FGF, which affect the proliferation of TRC, may function
as competence factors involved in the transition of cells
from the G to the S phase.129,130

Proliferation and production of prostaglandin Eo, col-
lagen, collagenase, and hyaluronic acid are all stimu-
lated by IL-la and IL-1B.49,109,131 (see Table 3.4). Al-
though IL-1 does not stimulate proliferation of TRCs,
IL-1 stimulates protein synthesis by TRCs.82 IL-1 may
function as an initiation factor, similar to the role played
by PDGF, or may be more important for the production
of extracellular matrix.

IL-2 stimulates the healing of skin wounds132; however,
IL-2 does not affect proliferation of fibroblasts or
TRCs.82 IL-2 may indirectly affect the growth of TRCs in
vivo through stimulation of other cellular elements. For
example, macrophages have cell-surface receptors for

TABLE 3.5. Summary of effects of growth factors on rabbit tissue repair cells (TRCs)

Growth factors

Postsurgical day EGF PDGF FGF TGF-8 IL2 IL-1 IGF-1
Proliferation
Day 2 T T T AN NC NC NC
Day 5 T ) 7T LWl NC NC NC
Day 7 ™ T T A NC NC NC
Day 10 ™ ) T L NC NC NC
Protein synthesis
Day 10 ND ND ND ™ ND T ND

IGF, insulin-like growth factors; NC, no change; ND, not done (not assessed).

From diZerega and Rodgers.148
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IL-2 and IL-2 that can stimulate the respiratory burst of
macrophages in the absence of other stimuli.

IGF-I does not affect the incorporation of tritiated
thymidine into TRCs.82 IGF-I/somatomedin-C stimulates
the proliferation of fibroblasts by effecting the transition
from the S-Gy phase to the M phase.129 As IGF-I affects
the M phase, and because this factor may be produced
by fibroblasts, the growth factors involved in the G,-S
phase of the cell cycle may be more important for the
enhancement of TRC proliferation.133,134

TGF-B stimulates the anchorage-independent prolifer-
ation of fibroblasts but not anchorage-dependent
growth 111,123,135 TGF-B inhibits the incorporation of
thymidine into TRCs82.128 and stimulates the production
of extracellular matrix (collagen and fibronectin) by fi-
broblasts.116,135-140 Incubation of TRC with TGF-B en-
hances the incorporation of radiolabeled proline (to
measure protein synthesis); in contrast, TGF- inhibits
the proliferation of TRCs.82 In this context, TGF-8 may
function as a modulator of TRC differentiation in that it
may induce these mesothelial cells to enter a functional
(secretory) stage rather than to proliferate. Cromack et
al.125 reported that increase in TGF-B levels in wound
fluid occurs late after surgery, not during the early phase
of tissue repair.

Further studies showed that after dialysis and lyophil-
ization, conditioned medium from macrophage cultures
(postsurgical day 10) is more potent at stimulating the
proliferation of TRCs than the purified growth factors.
These results suggest postsurgical macrophages are capa-
ble of secreting a combination of stimulatory and in-
hibitory factors that may act in an additive or synergistic

fashion in appropriate proportions to maximize the pro-
liferation of TRC.

Effect of Growth Factors on
Mesothelial Cell Proliferation and
Cytokine Production

Several publications have discussed the effect of cy-
tokines and growth factors on human mesothelial cell
formation after in vitro exposure (see Table 3.4). Factors
to which the abdominal cavity (and hence mesothelial
cells) are exposed during chronic peritoneal dialysis,
such as high concentrations of glucose, antibiotics, or
amino acids, have been shown to inhibit cell growth and
induce the release of inflammatory mediators.16,17,19-22
On the other hand, cytokines have been shown to upreg-
ulate cell function including increased chemokine secre-
tion, increased prostaglandin secretion, increased cy-
tokine secretion, and reduced fibrinolytic activity in
several studies.23-36,38,39 Lipopolysaccharide, TNF, and
TGF-B were shown to have actions similar to IL-1.
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Fibrin Deposition and
Removal by Mesothelial Cells

Fibrin deposition occurs during the early acute inflam-
matory process that is initiated by surgical injury. Fur-
ther, the process of injury and inflammation modifies
the ability of the deposited fibrin to be removed. As dis-
cussed, macrophages will contribute to the fibrolytic
process. The mesothelial lining of the peritoneal cavity
also contains fibrinolytic activity and contributes to fib-
rin removal. Surgical injury and exposure to the proin-
flammatory cytokines, such as TNF, IL-1, and IL-6, may
modulate the level of the fibrinolytic activity of mesothe-
lial cells.141,142

The fibrinolytic activity of canine serosa from various
parts of the gastrointestinal tract (including the descend-
ing colon, ileum, stomach, and omentum) after differ-
ent types of surgical injuries was assessed.143 After abra-
sion, a 20% to 100% decrease in fibrinolytic activity was
noted. A 50% decrease in the fibrinolytic activity of the
midportion of the ileum was accompanied by severe ad-
hesions. In later studies, Rafertyl44 determined the
changes in peritoneal fibrinolytic activity in rats follow-
ing four types of trauma. Immediately after each proce-
dure there was a reduction in fibrinolytic activity that
was further reduced over the next 24 hours. The unsu-
tured peritoneal defects showed the smallest reduction
in fibrinolytic activity and were associated with the lowest
incidence of adhesion formation. Free peritoneal graft-
ing, electrocoagulation, and ischemic bowel resulted in a
significant reduction in fibrinolytic activity compared
with the unsutured defect and were associated with a sig-
nificantly higher incidence of adhesion formation. A
general correlation was apparent between suppression
of peritoneal fibrinolytic activity by abrasion and the ex-
tent of subsequent adhesion formation.

Further studies by Buckman et al.145 compared the fib-
rinolytic activity of normal peritoneum with that of perito-
neal defects or peritoneal grafts. Activity in rat cecal peri-
toneum was suppressed for 48 and 96 hours after crush
and abrasion injuries, respectively. PA was more severely
suppressed after ischemia produced by an avascular graft.
This suppression persisted for the entire 96-hour study in-
terval, although partial recovery became measurable after
48 hours. Incubation of normal peritoneum with a biopsy
from a peritoneal defect resulted in significantly elevated
fibrinolytic activity. However, a biopsy of a peritoneal graft
with normal peritoneum resulted in reduced fibrinolytic
activity. These studies support a role for alterations in fib-
rinolytic activity in the formation of adhesions.

The fibrinolytic activity of human peritoneum is mod-
ulated by proinflammatory cytokines or inflammation.
The PA activity of the inflamed peritoneum was much
lower than control tissue because of an increase in PAI-1
production rather than a decrease in tPA antigen.
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Mesothelial cells from human peritoneum produce tPA
along with PAI-1 and PAI-2.146 PAI-1 antigen was present
in the culture medium of mesothelial cells, whereas
PAI-2 antigen was cell associated. Upon exposure of the
mesothelial cultures to TNEF, the level of tPA antigen was
reduced, whereas levels of both PAI-1 and PAI-2 antigens
were elevated (see Table 3.3). In addition, exposure of
human mesothelial cells to IL-1, IL-6, TGF-, and
lipopolysaccharide (LPS) also increased the production
of PAI.29,30,40.47 In general, inflammation, surgery, or cy-
tokine exposure suppresses intraperitoneal cell-associ-
ated or cell-secreted fibrinolytic activity.29 In addition,
induction of fibrinopurulent peritonitis by the creation
of an ischemic portion of the ileum has been shown to
abolish fibrinolytic activity.147 Because peritoneal infec-
tion is known to lead to adhesion formation, these data
are consistent with the finding that adhesion formation
is inversely correlated with fibrinolytic activity. The fibri-
nolytic activity of rat sidewall biopsies was shown to be
modulated by in vitro exposure to tolmetin.

Summary

In conclusion, peritoneal repair is a complex process
that requires the appropriate interaction of multiple cell
types which undergo differentiation during the healing
process, as well as inflammatory mediators and cyto-
kines. In response to surgical injury, the function of peri-
toneal exudate cells is modified (Table 3.3). During the
early postoperative phase, the number of PMNs in-
creases and then normalizes with a concomitant increase
in respiratory burst activity. At later time points, the level
of cytokines and PAI that can be produced is elevated.

These alterations suggest that, during the early postop-
erative interval, these cells act to remove microbial
agents and to maintain hemostasis. At later times, perito-
neal exudate cells may be involved in tissue remodeling.
Alterations in the function of the cells that line the peri-
toneal surface in response to mediators released by
macrophages and platelets is also observed (see Tables
3.4 and 3.5). IL-1, a cytokine released by postoperative
macrophages, is a potent modifier of mesothelial cell
functions, including the release of inflammatory media-
tors and regulators of fibrinolytic activity.

Alterations in the balance of these processes may re-
sult in adhesion formation. For example, prolongation
of the inflammatory process by a foreign body may re-
duce the fibrinolytic activity of mesothelial cells, a major
contributor to removal of fibrin, prolonging fibrin de-
position and allowing adhesion formation. Understand-
ing of the processes of postoperative healing should al-
low the development of rational therapeutics for the
reduction of adhesion formation.

Kathleen E. Rodgers
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Intraabdominal fibrous adhesions are a major cause of
intestinal obstruction.! By far the most common cause of
intraabdominal adhesions is previous surgical interven-
tion. Most surgeons regard intraabdominal adhesions as
a problem, because reoperation on the abdomen is
made difficult by prolonged dissection of fibrous adhe-
sions with the risk of visceral damage. Because adhesions
may have such serious consequences, it is not surprising
that a very large number of techniques have been de-
vised with the aim of preventing their development.
Many of these however have been shown to be unreli-
able.1,2 Many of the techniques used have been of an em-
pirical nature, and little improvement can be expected
unless the underlying pathogenesis is understood be-
cause a clear understanding of pathogenesis is a prereq-
uisite to rational prophylaxis and therapy.

The relationship between the frequency of abdominal
operations and the production of adhesions, with the
possibility of resulting intestinal obstruction, led to the
concept that adhesion formation occurred as a result of
serosal injury. On the basis of this, it was considered
good surgical practice to avoid peritoneal injury, that
raw, damaged, serosal surfaces should be eliminated

within the peritoneal cavity, and that these defects
should be oversewn, patched, or covered by grafts. The
concept that damaged peritoneum healed by fibrous ad-
hesions was the result of theory rather than clinical ob-
servation or laboratory experimentation. It has become
clear over the years that adhesions do not necessarily fol-
low serosal damage. Knowledge of the healing of perito-
neum is fundamental to the practice of abdominal and
pelvic surgery. This chapter reviews the literature on
peritoneal repair and its relation to peritoneal adhe-
sions.

Peritoneal Healing

As early as 1919, Hertzler3 showed that when a defect
was created in the parietal peritoneum of an experimen-
tal animal, ‘the entire surface becomes endothelialised
simultaneously and not gradually from the border as in
epidermitization of skin wounds.” Hertzler added ‘that
the endothelium of the surrounding surface of the peri-
toneum has any direct part in the covering of these sur-
faces cannot be demonstrated.” These observations have
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since been confirmed by several workers.4-7 However,
there has been disagreement over the exact origin of the
cells that form the new mesothelium. Some workers45.8,9
considered that mesothelial regeneration took place by
metaplasia of subperitoneal fibroblasts. Other work-
ers10-12 considered that mesothelial cells became de-
tached from the adjacent intact peritoneum and became
implanted on the wound surface, proliferating and even-
tually giving rise to a continuous sheet of mesothelial
cells. Johnson and Whitting!! also suggested that mono-
cytes and macrophages that were present in the wound
exudate could become transformed into mesothelial
cells, a suggestion which received support from Eske-
lands6.13 and Eskeland and Kjaerheim.14,15

The early work on peritoneal regeneration was
blighted by the difficulty of identification of mesothelial
cells in histologic sections cut perpendicular to the
wound surface. Because many of the cells were flat with
attenuated cytoplasm, it was extremely difficult to iden-
tify the different types of cells. This limitation was over-
come by the use of Hautchen preparations, which per-
mit examination of the surface cells en face. This
technique involves stripping off the surface layer of the
cells on a sheet of celloidin. The surface cells are then
more easily identified when viewed en face, and it is pos-
sible to identify cell-to-cell contact by impregnating the
sections with silver nitrate (Fig. 4.1).

A study involving the use of Hautchen preparations?
demonstrated that unsutured peritoneal defects in the
rat healed rapidly and, for the most part, without adhe-
sion formation. Parietal peritoneal defects in the rat
healed completely in 8 days. Following wounding of the
parietal peritoneum, the majority of cells seen on the
wound surface during the first 48 hours were inflamma-
tory cells, consisting of macrophages, monocytes, poly-
morphs, eosinophils, lymphocytes, and occasional mast
cells (Fig. 4.2). At 3 days after wounding there were

FiG. 4.1. Normal parietal peritoneum. Note the single layer of
mesothelial cells with the intercellular substance stained with
silver. Hautchen preparation, X180.
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FIG. 4.2. Parietal peritoneum at 1 day. Macrophages, mono-
cytes, polymorphs, eosinophils, lymphocytes, and an occasional
mast cell are seen on the wound surface. Most cells are of the
monocyte/macrophage type. Hautchen preparation, X220.
(Reproduced from the British Journal of Surgery” by permis-
sion of Blackwell Science Ltd.)

marked changes on the wound surface. Polymorphs,
lymphocytes, eosinophils, and mast cells were rarely
seen, and the only cells of the initial inflammatory reac-
tion that remained were monocytes and macrophages.
At this stage, a further type of cell was seen on the wound
surface that had a poorly defined cell boundary, was
larger than a monocyte, and possessed a large, round, or
oval nucleus containing one or more prominent nucleoli
(Fig. 4.3). These cells resembled subperitoneal fibro-

F1G. 4.3. Parietal peritoneum at 3 days. Two types of cells are
seen on the wound surface: one resembles a monocyte and the
other is a large cell with indistinct boundary and many promi-
nent nucleoli. Hautchen preparation, X220. (Reproduced
from the British Journal of Surgery” by permission of Blackwell
Science Ltd.)
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blasts. This type of cell gradually came to occupy more
and more of the wound surface, such that at 6 days these
cells occupied most of the wound surface; in those sec-
tions impregnated with silver nitrate, silver lines were
seen between most cells, although they were broader
than in normal mesothelium. By 8 days the surface was
lined by a continuous layer of flattened cells, which re-
sembled normal mesothelium except that a few mitotic
figures were seen.

Raftery” concluded that the new mesothelium proba-
bly developed from subperitoneal fibroblasts. To test the
previous theory that monocytes and macrophages be-
came transformed into mesothelial cells,6:13-15 peri-
toneal macrophages were labeled with polystyrene
spheres.7.16 Although the macrophages remained full of
polystyrene spheres, no such spheres were subsequently
present in fibroblasts or the reconstituted mesothelium.
This finding was put forward as strong evidence against
the theory that peritoneal macrophages become trans-
formed into mesothelial cells either directly or via fi-
broblasts.

On the basis of a light microscopic study, however, it
was not possible to discount the theory that mesothelial
cells become detached from adjacent normal peritoneal
surfaces and give rise to a new mesothelium. The reason
for this was that it was impossible to accurately identify
isolated mesothelial cells in peritoneal fluid by light mi-
croscopy. A subsequent studyl? searched for detached
mesothelial cells in peritoneal fluid by examining pellets
of mesothelial cells, prepared for electron microscopy,
both by toluidine blue staining under high-power light
microscopy and by examination under electron mi-
croscopy. This study revealed that a few detached
mesothelial cells were present in the peritoneal fluid of
rats that had undergone abdominal surgery, involving
excision of areas of peritoneum, but most of these cells
were injured or dying. Subsequent electron microscopic
investigation of peritoneal regeneration!6 failed to show
any contribution from detached mesothelial cells in the
healing process. The electron microscopic study also
confirmed the findings of the light microscopic study,
namely, that there was no evidence to support the theory
that new mesothelium arose from transformation of
peritoneal macrophages.

Sequence of Cellular Events

The sequence of events following creation of peritoneal
defects was as follows: 12 hours after wounding, numer-
ous cells were seen entangled in fibrin strands. At this
stage polymorphs predominated, but a large number of
macrophages and a few eosinophils and mast cells were
also seen. Polystyrene spheres used for labeling were
seen in macrophages and polymorphs. At 24 to 36 hours
after wounding, the number of cells in the superficial
part of the wound was greatly increased and the majority
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of cells were macrophages. By 2 days there were marked
changes both on the surface and on the base of the
wound; in most areas, the wound surface was covered by
a single layer of macrophages resting on a fibrin base.
Macrophages contained polystyrene spheres (Fig. 4.4.)
By 2 days after wounding, two additional cell types had
appeared on the wound surface. The first type of cell
possessed all the characteristics of a perivascular primi-
tive mesenchymal cell. The second type of cell was ex-
tremely rare, being seen on only two occasions in numer-
ous sections, and these were identified as islets of
mesothelial cells. Because of their rarity in the many ani-
mals examined, it was thought that they did not make a
significant contribution to peritoneal healing. By 3 days,
the majority of cells on the wound surface were macro-
phages but cells of the primitive mesenchymal type were
becoming more common. Cells on the wound surface at
3 days were similar in appearance to cells in the deeper
layers of the wound and possessed all the characteristics
of primitive mesenchymal cells.

By 4 days, cells resembling primitive mesenchymal
cells or proliferating fibroblasts came to the wound sur-
face and were in contact with one another (Fig. 4.5).
Cells appearing in stages between primitive mesenchy-
mal cells and fibroblasts were seen, and it was consid-
ered that primitive mesenchymal cells either developed
into mesothelial cells directly or via cells of the fibroblast
type. In some areas of the wound, healing appeared
complete at 5 days because there was a single layer of
mesothelial cells present on the wound surface con-
nected by desmosomes and tight junctions. No basement
membrane could be identified beneath the mesothelial

FIG. 4.4. Parietal peritoneum at 2 days. Macrophages (Ma) con-
taining polystyrene spheres (white ‘empty’ spheres) rest on a fi-
brin base. A process (pr) of a primitive mesenchymal cell ex-
tends toward the wound surface. Electron photomicrograph,
X4250. (Reproduced from the British Journal of Surgery?5 by
permission of Blackwell Science Ltd.)
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FiG. 4.5. Parietal peritoneum at 4 days. A primitive mesenchy-
mal cell (PMC) and a cell that has features common to both
PMC and fibroblast are in close contact (large arrowheads) on
the wound surface. No junctional complexes are visible. Note
the microvilli (mv) and pinocytic vesicles (small arrowheads) in
relation to the primitive mesenchymal cell. Electron photomi-
crograph, X4000.

cells at this stage. In other areas of the wound surface,
healing was less advanced with primitive mesenchymal
cells present both on the surface and in the base of the
wound. At 7 days after wounding, the appearance of the
wound showed a layer of cells that now resembled
mesothelial cells except that there was a discontinuous
basement membrane. By 8 days there was a continuous
layer of mesothelial cells over the wound, although the
basement membrane was not complete, and complete-
ness of the basement membrane did not occur until 10
days. At 10 days, fibroblasts in the base of the wound
were arranged with their long axis parallel to the wound
surface and bundles of collagen were present between
the fibroblasts. At no time were any polystyrene spheres
seen in primitive mesenchymal cells, subperitoneal fi-
broblasts, or mesothelial cells.
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Electron Microscopic Studies

On the basis of light and electron microscopic studies, it
was concluded that the new mesothelium arose from
subperitoneal connective tissue cells, but it was not possi-
ble to determine conclusively whether these were primi-
tive mesenchymal cells or fibroblasts. Watters and Buck!8
studied peritoneal repair by scanning electron micro-
scopy after removing only the surface layer of mesothe-
lium on a film of gelatin. The peritoneal surface was
completely devoid of mesothelial cells immediately fol-
lowing the stripping procedure. Transmission electron
microscopy showed that the basement membrane re-
mained in situ following stripping of the mesothelium
using gelatin film. New cells were seen on the surface as
early as 30 minutes after injury, and at 8 hours most of
the surface contained new cells of a variety of types. By
1 hour after stripping of the mesothelium, the cells were
evenly spaced from each other and covered about 50%
of the denuded surface. Some of them were starting to
flatten against the basement membrane.

By 4 hours after wounding, the denuded area was vir-
tually covered with cells. Some of these were rounded
and others were starting to flatten. By 24 hours, the pro-
portion of rounded cells had started to decrease while
the flattened cells were plentiful. By 3 days, many of the
cells were extremely flat and studded with short mi-
crovilli. Very few of the rounded cells were seen. By
4 days, the microvilli of the cells had increased in length
and in many places they obscured the cell outline as in
the normal mesothelium. A virtually normal appearance
was present in the 7-day specimens.

The experiments of Watters and Buck inflicted little
injury on the underlying connective tissue. On the basis
of this, Watters and Buck suggested that the cells seen
on the wound surface were derived from macrophages
or lymphocytes of the peritoneal fluid, which tended to
support the contention of Eskeland6.13 and Eskeland
and Kjaerheim.14.15 However, Watters and Buck did con-
sider that another possible source of the cells was the
blood vessels underlying the wound area. They admitted
that it was obviously difficult, if not impossible, to deter-
mine from the static images whether the cells that had
adhered to the surface were the same as those which
eventually flattened and covered the surfaces as normal-
appearing mesothelium. They considered that it was pos-
sible that subsequent to the attachment of the rounded
cells from the peritoneal fluid, certain cells from the un-
derlying connective tissue differentiated into mesothe-
lium, the round cells being lost and having served only
as a temporary covering. They also thought it was possi-
ble that the ultimate covering cells might have been de-
rived from preexisting surrounding mesothelial cells
that detached themselves from the wound surface and
implanted on the wound.
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A subsequent study by Watters and Buck!9 showed that
if a wound was placed in the parietal peritoneum so that
it contacted the visceral peritoneum of the liver, mitotic
activity was seen in the liver mesothelium. Although the
wound was covered with macrophages and lymphocytes
at an early stage, the cells that finally repaired the wound
appeared to be new mesothelial cells, many of which mi-
grated from the opposing stimulated peritoneum of the
liver.

Immunohistochemical Studies

In an attempt to further elucidate which particular cell
was responsible for the development of new meso-
thelium, Raftery20 applied enzyme histochemical tech-
niques. A previous study had demonstrated?! that
peritoneal mesothelial cells were extremely active meta-
bolically, as judged by the presence of various enzymes.
The enzyme histochemical study showed that it was pos-
sible to identify histochemically on the wound surface, in
the early stages of healing, two main types of cell which
corresponded with those previously described on the ba-
sis of examination of Hautchen preparations stained
with hematoxylin.” One was a macrophage and the other
a fibroblast-like cell. The larger, fibroblastlike cell dif-
fered from the macrophages histochemically in that
(i) it gave a negative reaction for nonspecific esterase;
(ii) it gave a negative reaction for adenosine triphos-
phatase in the early stages of healing; and (iii) it showed
only scattered punctate deposits of acid phosphatase re-
action products as compared with a concentrated
strongly positive reaction in the macrophage.

The large fibroblast-like cells seen on the wound sur-
face in the early stages of healing resembled subperi-
toneal fibroblasts in that (i) they contained no alkaline
phosphatase; (ii) they contained no adenosine triphos-
phatase in the early stages of healing; (iii) they con-
tained no nonspecific esterase; and (iv) they possessed
the same scattered punctate deposits of acid phos-
phatase reaction product. Further, the new mesothelial
cells possessed the following histochemical characteris-
tics in common with the subperitoneal fibroblasts in the
later stage of healing: (i) they contained no alkaline
phosphatase; (ii) they contained no nonspecific es-
terase; and (iii) they possessed the same scattered punc-
tate deposits of acid phosphatase activity. The enzyme
histochemical study does not clearly indicate whether
the new mesothelial cells arose from primitive mesenchy-
mal cells or from subperitoneal fibroblasts. It does, how-
ever, lend further weight to the view that the new
mesothelium is derived from subperitoneal connective
tissue cells and not by transformation of macrophages.

Bolen et al.22 further studied peritoneal healing using
electron microscopy and immunocytochemical studies.
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They showed that following loss of surface mesothelium
there was a striking proliferation of stromal cells, which
they designated as subserosal multipotential cells. Al-
though these cells possessed the ultrastructural features
of myofibroblasts, they also exhibited from an early stage
the immunocytochemical markers of epithelium. Active
subserosal multipotential cells showed peripherally
arranged myofilaments, focal investment by basal lam-
ina, and abundant rough surface endoplasmic reticu-
lum. Immunocytochemical studies demonstrated the
presence of low molecular weight cytokeratins, coexpres-
sion of vimentin, and the absence of desmin. These cells
were therefore distinct from connective tissue myofi-
broblasts, which shared only vimentin. As the cells rose
to cover the denuded wound surface, they progressively
acquired high molecular weight cytokeratins and lost vi-
mentin. Bolen et al. considered therefore that there was
a mesenchymal stem cell responsible for the regenera-
tion of mesothelium.

Healing of Visceral Peritoneum

The healing of visceral peritoneum was found to differ
little from the healing of parietal peritoneum. Raftery?
studied the healing of the visceral peritoneum covering
the liver and the visceral peritoneum covering the ce-
cum. The liver acquired a new mesothelial layer 1 day
earlier than either the cecum or the parietal perito-
neum. There were two possible reasons for this. First, the
liver provides a fairly firm substrate for healing while the
peritoneum of the anterior abdominal wall and more so
that of the cecum are subject to distension. Second and
less likely, the cecum and parietal peritoneum may have
been damaged by stretching when they were removed
and prepared for histologic examination.

Peritoneal Healing in Infancy

Intestinal obstruction caused by peritoneal adhesions is
more common following abdominal surgery in early
life,23.24 especially in the neonatal period. The greater in-
cidence and severity of adhesions in the infant com-
pared with the adult may reflect a difference in the na-
ture of healing of the peritoneum. Ellis et al.5 have
shown that peritoneal regeneration occurred more
rapidly in immature experimental animals than in ma-
ture ones, but flattening of the surface layer cells as seen
in paraffin sections cut perpendicular to the wound sur-
face was used as a criterion for assessing complete
mesothelial regeneration. Raftery25 studied the regener-
ation of parietal and visceral peritoneum in the imma-
ture animal using Hautchen preparations and electron
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microscopy and confirmed that regeneration of perito-
neum occurred more rapidly in the immature animal.
The parietal peritoneum was covered by a new mesothe-
lial layer in 7 days whereas the liver was covered in
5 days. The study again lent support to the fact that new
mesothelium had developed from subperitoneal perivas-
cular connective tissue cells, but it was not possible to de-
termine whether these were primitive mesenchymal cells
or fibroblasts. Again, there was no difference in the rate
of healing between large and small peritoneal defects.

Factors Affecting
Peritoneal Regeneration

Surprisingly, there has been little work done on factors
affecting peritoneal regeneration, particularly in recent
years. Most of these studies were carried out using paraf-
fin sections examined by light microscopy, and therefore
the identification of mesothelial cells was not ideal. It
was demonstrated that protein deficiency,26 uremia,27 vi-
tamin C deficiency,5 and local irradiation28 all impaired
fibroblast proliferation in peritoneal defects and the
subsequent healing process. However, the administra-
tion of cytotoxic drugs had no overall effect on the rate
or quality of healing peritoneum.29 The presence of ma-
lignant disease is also known to delay wound healing, but
in an experimental study in the rat of the effect of malig-
nant disease on peritoneal healing, no difference could
be shown in the rate or quality of healing between con-
trol and tumor-bearing animals.30

The precise effect of all these factors on mesothelial
healing is not clear because of the difficulty of identify-
ing mesothelial cells in paraffin sections cut perpendicu-
lar to the wound surface. A study of the role of infection
in would healing3! showed that distant sterile inflamma-
tion, distant bacterial infection, and transient bac-
teremia had a marked inhibitory affect on the healing of
peritoneum. This study used Hautchen preparations,
and the effect on mesothelial healing was clear. The au-
thors concluded that this was a systemic effect that was
not related to low plasma protein level or early coloniza-
tion of the wounds with bacteria.

Peritonitis

Despite the surgical importance of peritonitis, there
have been few studies of the structural changes occur-
ring in the peritoneum as the result of the various forms
of peritonitis. Cleaver et al.32 using Hautchen prepara-
tions, showed disruption of the mesothelium with islets
of inflammatory cells occurring on the peritoneal sur-
face 3 hours after induction of fecal peritonitis in rats.
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Following peritoneal lavage, surviving animals were ex-
amined 8 days after induction of fecal peritonitis; inflam-
matory cells were still found to occupy most of the peri-
toneal surface and there was no sign of healing.

Walker33 studied the effect of blood, bile, and starch in
the peritoneal cavity of rats. Intraperitoneal injection of
blood caused no change but sterile human bile pro-
voked a severe peritonitis with purulent exudate. Five
days after injection of bile, the peritoneum was heavily
infiltrated with inflammatory cells. Mitotic figures were
prominent in mesothelial cells and by 14 days, as studied
in Hautchen preparations, the peritoneum had returned
to normal. Intraperitoneal injection of starch, which at
the time the study was carried out was used to lubricate
surgical gloves, caused a dense inflammatory response
around the starch granules, but the peritoneum re-
mained intact. The addition of starch to blood and bile
enhanced the peritonitis and delayed healing. Raftery34
studied the effect of blood, bile, and urine on the perito-
neal mesothelium. Blood caused no change in perito-
neal structure but urine caused a mild peritonitis. Bile
caused a moderately severe peritonitis with disruption of
cell-tocell contact, as seen in Hautchen preparations, to-
gether with patches of inflammatory cells.

There has been little interest in ultrastructural studies
of the peritoneum mesothelium in the various forms of
clinical peritonitis, for example, perforated peptic ulcer,
perforated diverticular disease, or biliary peritonitis. All
recent ultrastructural studies relate to continuous ambu-
latory peritoneal dialysis- (CAPD-) associated peritonitis,
which tends to be less severe than that associated with
perforation of a hollow viscus.

Source of New Mesothelial Cells

It is apparent from the foregoing discussion that contro-
versy exists so far as the source of the new mesothelial
cells is concerned. It is clear, because small wounds heal
as rapidly as larger wounds and areas of new mesothe-
lium are seen in the center of the wound at the same
time they occur at the periphery, that growth of cells
from the periphery of the defect contributes little to the
healing of peritoneal defects. A major source of diffi-
culty in the early days of the study of peritoneal wound
healing was the inability to identify mesothelial cells in
paraffin sections cut perpendicular to the wound sur-
face. This was particularly so when trying to study the
time sequence of complete mesothelial healing. The de-
velopment of Hautchen preparations helped clarify the
picture but did little to help decide on the origin of the
new mesothelium. Even following studies by transmis-
sion and scanning electron microscopy, the controversy
regarding the origin of the new mesothelial cell was not
completely solved.
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The following represent potential methods of perito-
neal repair:

1. Metaplasia of subperitoneal fibroblasts

2. Transformation of underlying undifferentiated primi-
tive mesenchymal cells

3. Transformation of monocytes and macrophages pre-
sent on the wound surface

4. Detachment of cells from adjacent intact peritoneum
with subsequent implantation and proliferation on
the wound surface

5. Centripetal growth of cells at the periphery of the
wound

Some investigators have suggested that cells detach
from the adjacent peritoneum and become implanted
on the wound surface, where they proliferate to produce
a continuous layer of mesothelium.10-12 These studies
were carried out by light microscopy, examining paraffin
sections cut perpendicular to the surface, and therefore
it is impossible to tell with any certainty whether the cells
had detached from the wound surface. Also, this rather
begs the question of how the adjacent surfaces repair, al-
though the work of Watters and Buckl19 has suggested
that this may occur by mitotic activity of adjacent cells.
Some investigators consider that metaplasia of subperi-
toneal fibroblasts is responsible for the development of
the new mesothelium.4589 Again, these were light mi-
croscopic studies, but the work of Raftery”.16 using the
electron microscope tended to support this contention.
However, it was not clear from this work whether the
cells arose directly from subperitoneal fibroblasts or in-
directly from subperitoneal perivascular cells, which re-
semble primitive mesenchymal cells. The work of Raftery
has received support from the studies of Bolen et al.,22
who believe on the basis of electron microscopic studies
that there is a mesenchymal stem cell responsible for the
regeneration of mesothelium.

Others believe that transformation of cells from the
peritoneal fluid is responsible for the new mesothe-
lium.6,13-15 They believe that peritoneal macrophages
are transformed into mesothelial cells, but this is based
on the identification of intermediate forms between the
two cells. It is of course difficult to interpret a dynamic
process on the basis of a series of static electron pho-
tomicrographs. The work of Raftery”.16 did not support
the contention of Eskeland. Raftery labeled peritoneal
macrophages with polystyrene spheres, and at no time
were any polystyrene spheres seen in developing meso-
thelial cells. It was Raftery’s contention that, had trans-
formation from peritoneal macrophages to mesothelial
cells taken place, then these polystyrene spheres would
have been seen in developing mesothelial cells at some
time during the process. It would appear at the present
time that the weight of evidence suggests that the new
mesothelium arises from perivascular primitive mes-
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enchymal cells, which proliferate in the wound base. It is
likely that a small contribution is made from the normal
adjacent peritoneum.

Role of Mesothelium in
the Prevention of
Intraperitoneal Adhesions

Injury or inflammation in the peritoneal cavity produces
a fibrinous exudate, and as a result of this, the involved
surfaces adhere to one another. This fibrinous exudate
may be absorbed or may be invaded by fibroblasts to be-
come a permanent fibrous adhesion.

Fibrinous Exudate

It has been argued that absorption of a fibrinous exu-
date depends upon the presence of an intact mesothe-
lium. It was argued that if the mesothelium remained in-
tact, fibrin disappeared; if it was destroyed, adhesions
would develop. It has been shown that large peritoneal
defects will heal without adhesions in most cases,835,36
but when attempts were made to oppose the edges by su-
tures as recommended in standard surgical textbooks,
adhesions were formed to the wound936,37 Robbins et
al.4 discovered that large peritoneal defects, left unsu-
tured in the pelvic peritoneum after radical pelvic clear-
ance, healed smoothly and without adhesion. Ellis36
found that large defects created by excising areas of pari-
eta] peritoneum in rats healed within days to produce a
glistening smooth peritoneum, with no adhesions in
most animals.

Damage to the peritoneum, whatever the cause, results
in a fibrinous exudate causing adjacent surfaces to stick
together to form a fibrinous adhesion. Removal of this
fibrin before it is invaded by fibroblasts prevents the for-
mation of a permanent fibrous adhesion. Hartwell38
considered that mesothelial cells prevented adhesions
‘by combining their fibrinolytic power with their epithe-
lial-like function of extending themselves as solid sheets
to cover any raw surface.” At the time that Hartwell wrote
this statement, there was no hard evidence to suggest
that mesothelial cells had fibrinolytic activity, but subse-
quently such activity was demonstrated.3940 However, the
supposed epithelial-like ability of mesothelial cells to
cover a raw surface is now known to be erroneous.
Raftery4l subsequently showed that fibrinolytic activity
was absent from a peritoneal wound surface during the
first 48 hours of the healing process, after which there
was a gradual increase; thus, 8 days after wounding,
when healing was complete, the fibrinolytic activity was
greater than that in normal mesothelium. The method
used was not sensitive enough to localize fibrinolytic ac-
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tivity to any one particular type of cell. However, the ab-
sence of fibrinolytic activity during the first 48 hours af-
ter wounding, when cells on the wound surface were
largely of the inflammatory type, together with the grad-
ual increase of activity as definitive mesothelial cells
came to occupy more and more of the wound surface,
strongly suggested that the activity was confined to the
definitive mesothelial cells.

A method was subsequently developed for measuring
fibrinolytic activity in a single layer of cells removed
from the surface on a gelatin disk.42 Using this method it
was shown that peritoneal fibrinolytic activity was de-
pressed immediately following peritoneal trauma and
declined further during the first 24 hours postopera-
tively. Furthermore, free grafting of peritoneum, dia-
thermy of peritoneal wounds, and intestinal ischemia
were accompanied by a significant reduction in perito-
neal fibrinolytic activity when compared with unsutured
peritoneal defects, and all were also associated with a sig-
nificant increase in adhesion formation when compared
with unsutured peritoneal defects.43

Ischemia

On the basis of the foregoing observations, it was argued
that fibrinolytic activity of the definitive mesothelial cells
allowed them to penetrate and lyse fibrinous adhesions
before fibroplasia led to the formation of a permanent
fibrous adhesion. A summary of the stages of peritoneal
repair and adhesion formation is shown in Fig. 4.6. The
argument in the past was that absorption of a fibrinous
exudate depended upon an intact mesothelium. If it was
destroyed, adhesions would develop. However, it is now
clear that large peritoneal defects can heal without adhe-
sion formation in the majority of cases, but when at-
tempts are made to oppose the edges of wounds with su-
tures, adhesions form. Ellis36 concluded that it was not
the peritoneal defect itself that stimulated adhesion for-
mation, but the presence of ischemic tissue, which prob-
ably resulted from pulling the wound edges together un-
der tension. The effect of ischemia on the mesothelium
is not clear. In ischemia associated with strangulating ob-
struction of the small intestine in dogs, it has been
demonstrated by scanning electron microscopy44 that
mesothelium is lost in the first hour following ischemia
and is almost complete at 6 hours.

It therefore appears that the loss of mesothelium is a
prerequisite of adhesion formation and that regenera-
tion of the mesothelium without adhesion formation de-
pends upon the rapid invasion of a fibrinous exudate by
definite mesothelial cells with their associated fibri-
nolytic activity. Ellis36 attributed adhesions to ischemia,
and Raftery?5 argued that this ischemia could result ei-
ther from inadequate ingrowth of vessels in the base of
the wound or, if adequate ingrowth did occur, from an
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FIG. 4.6. Summary of mesothelial repair and the pathogenesis
of adhesion formation. The absence of definitive mesothelial
cells with their associated fibrinolytic activity allows a fibrinous
adhesion to become organized, resulting in a permanent fi-
brous adhesion.

inadequate blood flow in such vessels. In either case,
perivascular connective tissue cells may not proliferate
because of ischemia, leading to delay in the appearance
of definitive mesothelial cells. The absence of these cells
and their associated fibrinolytic activity would facilitate
adhesion formation by allowing fibroplasia to occur be-
fore definitive mesothelial cells grew between and sepa-
rated the apposed surfaces of a fibrinous adhesion. It
would appear, therefore, that fibrinolytic activity of the
mesothelium is of great importance in ensuring adhesion-
free healing of the peritoneum.

Summary

An understanding of the healing of the peritoneum is
fundamental to the understanding of the pathogenesis
of peritoneal adhesions and a logical approach at at-
tempts at their prevention. Peritoneal defects heal
rapidly, large defects healing as rapidly as small ones.
Centripetal growth from the wound margins contributes
little to the healing process. Healing occurs for the most
part without adhesion formation, which may reflect the
fibrinolytic properties of mesothelial cells. Although sev-
eral theories have been put forward to explain the
source of new mesothelial cells, the weight of evidence
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suggests that they are derived from metaplasia of sub-
peritoneal perivascular connective tissue cells which re-
semble primitive mesenchymal cells.
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During the past 20 years, our understanding of the
process of peritoneal inflaimmation and the key role
played by mediators (cytokines and prostaglandins) re-
leased from both infiltrating and resident cells has in-
creased significantly. In humans, the process of perito-
neal infection and inflammation is best understood in
peritoneal dialysis (PD), a form of renal replacement
therapy that is used to treat more than 100,000 patients
yearly worldwide.

The frequency of, and morbidity associated with, peri-
toneal infection inevitably led research in this area into
examination of the host response following bacterial
contamination of the peritoneum and subsequent infec-
tion. These studies focused on peritoneal “host defense”
mechanisms and in particular on the function, maturity,
and reactivity of the resident and infiltrating leukocyte
populations as well as the host’s humoral response to in-
fection.1-3 More recently it has become apparent that, in
addition to leukocytes that reside within or migrate to
the peritoneal cavity, the resident cells within it, the
mesothelial cells lining the visceral and parietal perito-
neum, and the fibroblasts which reside within the sub-
mesothelial interstitium make a significant and pivotal

contribution to peritoneal inflammation.4-6 Thus, a
more contemporary view of the peritoneum response to
infection is one in which both resident as well as infil-
trating cells contribute through the secretion of inflam-
matory mediators as well as the expression of surface
proteins (e.g., adhesion molecules) to a network of
events that initiate, amplify, and eventually control the
inflammatory response.

Although many of the in vivo findings described in
this review are derived from data on peritoneal inflam-
mation in the scenario of PD, many of the cellular
processes have been delineated in cell culture or animal
models of peritoneal inflammation, and as such proba-
bly represent some of the basic cellular processes that oc-
cur in the normal peritoneal cavity following infection
or surgical trauma.

Scope of This Review

This chapter focuses on the role of cytokines and other
inflammatory mediators, secreted by resident (meso-
thelial cells, peritoneal macrophages and peritoneal fi-
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broblasts) and infiltrating leukocytes, in the initiation,
amplification, and subsequent control of peritoneal in-
flammation. Latterly, we examine how these processes if
uncontrolled might lead to fibrotic alterations in the
submesothelial interstitium that might be the hallmark
of peritoneal sclerosis or contribute to peritoneal adhe-
sion formation.

Initially, we examine how bacterial activation of meso-
thelium might contribute to the induction of the inflam-
matory cascade (or peritoneal cytokine network). Subse-
quently, we discuss how the interaction of peritoneal
macrophages (PM®@) with mesothelial cells acts to am-
plify peritoneal inflammation and examine how the in-
flux of leukocytes into the peritoneal cavity is controlled
by mesothelial cell-derived directed chemokine secre-
tion and by bacterial products. Finally, we examine how
intraperitoneal inflammation is controlled and examine
which cytokines might be important in the processes
that lead to its resolution.

Ex Vivo Characterization of
Peritoneal Inflammation

Peritoneal infection is characterized by pain, followed by
a massive influx of leukocytes (initially, predominantly
polymorphonuclear neutrophils [PMNs] but also signifi-
cant numbers of mononuclear cells) into the peritoneal
cavity. A considerable amount of the information avail-
able about cytokine activation within the peritoneal cav-
ity has been derived from studies in which inflammatory
mediator and cytokine levels as well as the phenotype of
infiltrating leukocytes have been measured in peritoneal
effluent during peritonitis and stable PD. This so-called
ex vivo approach not only has allowed the definition of
the time courses of leukocyte infiltration and mediator
elaboration within the peritoneum, but also has pro-
vided important information about the contribution of
the various resident cell populations to the inflammatory
process. These data suggest that both peritoneal macro-
phage (PM@) and mesothelial cell products potentially
contribute to peritoneal inflammation.7-18

Examination of the intraperitoneal levels of inflamma-
tory mediators (prostaglandins, interleukin-6 [IL-6], tu-
mor necrosis factor-a [TNF-a], interleukin-13 [IL-1B]),
their soluble receptors or antagonists (interleukin recep-
tor antagonist [IL-1 RA], TNF-soluble receptors [p55
and p75]), and other immunomodulatory cytokines (in-
terferon-a [IFN-a], interleukin-10 [IL-10], and others)
during and after episodes of peritonitis811-13,15,16,19,20
has identified that the levels of all are increased during
acute infection and subsequently returned to control lev-
els. In fact, intraperitoneal cytokine levels (at least proin-
flammatory cytokines IL-18 and TNF-a) are probably
increased before overt clinical signs of infection,12 sug-
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gesting that activation of the inflammatory cascade oc-
curs before the symptoms. All these studies demonstrated
local synthesis within the peritoneal cavity, identifying
that secretion of pro- or antiinflammatory mediators by
resident cells was an important component in the
process. In addition, these studies identified that the
elaboration of the various mediators proceeded with
unique time courses, suggesting that different cytokines
and mediators play specific roles during the course of
inflammation. In this respect, both the major PM®-
derived proinflammatory cytokines and drivers of in-
flammatory processes were elevated at the beginning of
the inflammatory episode (before clinical symptoms)
and rapidly subsided,2! while other mediators including
IL-6, IL-1 RA, and the soluble TNF receptors reached
peak levels at later periods. These latter data were the
first to suggest that mediators important in the control
of inflammation were elaborated within the peritoneal
cavity.12

The Process of
Peritoneal Inflammation

For the sake of convenience, our understanding of the
series of events that characterize cytokine activation in
peritoneal inflammation allows us to divide it into three
main phases: (i) activation phase, (ii) amplification
phase, and (iii) resolution phase. To a large degree these
definitions are arbitrary, because the events described
overlap and certain features (such as leukocyte recruit-
ment) occur throughout the process. Key events during
each phase, however, allow us to make these definitions
in time.

Initiation of Inflammation:
The Role of the Mesothelium

The initial view on peritoneal host defense suggested
that the PM@ controlled the peritoneum response to
bacterial invasion and did not identify a role for the
mesothelium in the process. While PM@ are known to
produce a number of inflammatory mediators, over the
past decade, since methods were established for the iso-
lation and in vitro culture of mesothelial cells, it has be-
come apparent that this reactive monolayer may be the
key player in peritoneal inflammation. As we discuss
later, it may have other facets that make it responsible
for maintaining peritoneal homeostasis and membrane
architecture.22-41

The mesothelial cell lines the surface of the visceral
and parietal peritoneal surface. The peritoneal mem-
brane is composed of a mesothelial monolayer resting on
a basal lamina beneath which is a submesothelial stroma
consisting of interstitial fibroblasts interspersed in a col-
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lagenous extracellular matrix.42.43 Observations made on
cultured human peritoneal (and pleural) mesothelial
cells suggest that many of the inflammatory mediators lo-
cally produced within the peritoneal cavity during inflam-
mation are potentially of mesothelial cell origin. In this
respect, mesothelial cells secrete prostaglandins, inter-
leukin-6, interleukin-1, and chemotactic cytokines (e.g.,
interleukin-8, MCP-1, and RANTES).18,27-29,33,44,45 These
observations suggest that the mesothelium has signifi-
cant potential to contributing to a “cytokine network” via
its secretion of inflammatory and immunomodulatory
mediators and is thus a prime candidate for a central role
in initiating, amplifying, and potentially controlling peri-
toneal inflammation.4-6.46,47

Several lines of argument suggest that mesothelial cell
activation by invading microorganisms might be a key
process that initiates the peritoneum response to infec-
tion.

1. The mesothelial cell is the major resident cell within
the peritoneal cavity (~1010 cells/1.73 m2).

2. The number of PM@ in the normal peritoneal cavity
is small (~103-104).48

3. PM@ phagocytosis is ineffective at low bacteria/PMQ
ratios.49

4. The likelihood of bacteria—-PM@ interaction in such a
large area is small.

These observations are not definitive evidence of the
role of the mesothelium in the initiation process, but
they do suggest that bacterial activation of mesothelium
is a more likely occurrence than their interaction with
PM@. To add to this argument, recent data indeed sug-
gest that peritoneal pathogens (both Staphylococcus au-
reus and S. epidermidis and gram-negative organisms) can
attach to and in some cases be ingested by cultured
mesothelial cells.50,51 This attachment process results in
the activation of mesothelial cell IL-8, secretion, an ob-
servation suggesting that direct bacterial activation of
mesothelium may be one mechanism whereby inflamma-
tion and leukocyte recruitment are initiated at the onset
of infection. Our own observations suggest that Staphylo-
coccus spp. supernatants (derived from nonproliferating
cultures52-55) are potent activators of human peritoneal
mesothelial cell (HPMC) IL-8 synthesis at both the
mRNA and the protein level.56 These supernatants con-
tain bacterial toxins or superantigens and type 5 and
type 8 capsular polysaccharides5? that are known to be
capable of activating cytokine synthesis; the precise na-
ture of the activating capacity however remains to be
fully identified.58-62 Using an in vitro transmigration sys-
tem, we have demonstrated that the migration of leuko-
cytes across mesothelial cell monolayers is dependent on
the creation of an IL-8 gradient and that these bacterial
supernatants contain their own intrinsic chemotactic ac-
tivity.63

Taken together, these data suggest that following bac-
terial invasion of the peritoneal cavity mesothelial cell
activation might play a key role in the activation of in-
flammation and the initiation of leukocyte recruitment.
These data do not exclude the possibility that bacterial
activation of PM@ does occur; indeed, staphylococcal
species and gram-negative bacteria are potent activators

of PM@ prostaglandin, leukotriene, and cytokine synthe-
s1s.52-55

Amplification of Peritoneal Inflammation:
The Role of Peritoneal
Macrophage-Mesothelial Cell Interaction

Another process that appears to be crucial in the ampli-
fication of peritoneal inflammation is the activation of
the mesothelium by PM@-derived inflammatory cy-
tokines.64 Although many of the inflammatory mediators
present in the peritoneal cavity may be of mesothelial
origin, the initial activation of their synthesis is thought
at least partly to be initiated by proinflammatory cy-
tokines secreted from resident or invading PM@.

The normal peritoneal cavity contains a small resident
population of peritoneal macrophages (PM@).48 The
largest amount of information about the function of
these cells derives from studies performed on peritoneal
inflammation in PD. During PD the numbers of PM® in
the peritoneal cavity are increased, presumably as a re-
sult of constant removal during fluid exchange and pos-
sibly as a result of subclinical inflammation. In vitro ob-
servations suggest that following isolation and secondary
stimulation they have significant potential to generate
IL-1B and TNF-..65.66

Culture supernatants from PM@ are potent activators
of mesothelial cell prostaglandin and cytokine synthe-
sis.27.33,64 Blocking experiments using specific antibod-
ies, receptor antagonists (IL-1 RA), or soluble receptors
(TNF-pb5/75) have demonstrated that the stimulatory
capacity of these conditioned media is largely related to
their IL-1 and TNF-a content.27.33,64 As mentioned previ-
ously, ex vivo data suggest that PM@-mesothelial cell in-
teraction may indeed occur in vivo. During the initiation
phase of peritoneal infection, the levels of IL-1 and
TNF-a protein are significantly elevated at time points
when their natural inhibitor levels are low11,17.21; this sug-
gests that at least part of the signals to activate this phase
of the inflammatory cascade originate from PM@ be-
cause mesothelial cells do not make TNF-a.. The data of
Moutabarrik et al. suggest that the same may be true for
IL-1, although mesothelial cells themselves do synthesize
low amounts of IL-la and IL-1f. Autocrine as well as
paracrine activation processes may well therefore be in-
volved.17.29

One of the features that has been identified in
mesothelial cells which might also contribute to the am-
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plification of inflammatory episodes is their ability, in
common with other isolated cell populations (e.g.,
glomerular mesangial cells), to superinduce the expres-
sion of certain cytokine genes under appropriate stimu-
lation.28,67.68 This feature was first identified when exam-
ining mesothelial cell interleukin-8 (IL-8) synthesis
following proinflammatory cytokine stimulation but has
more recently been delineated for interleukin-6 (IL-6)
secretion.28,67 As is discussed later, both these cytokines
appear to play a key role in peritoneal inflammation and
thus the ability to dramatically increase their concentra-
tion (which correlates with that which occurs in vivo)
might represent an important facet of the peritoneum
response to infection.10,69

Recruitment of Leukocytes into
the Peritoneum

Leukocyte influx following peritoneal infection is char-
acterized by increases in both neutrophil and mononu-
clear cells (mononuclear phagocytes [MNC] and lym-
phocytes).8,1470 Initially, PMNs predominate, and these
are subsequently replaced by mononuclear cells as the
main cell population as infection resolves.8 Mechanisms
therefore exist by which both neutrophils and mononu-
clear cells are specifically recruited into the peritoneal
cavity. As mentioned previously, bacterial products can
themselves recruit leukocytes both in an in vitro transmi-
gration system and in animal models of peritoneal in-
flammation56.63 (Wilkinson and Topley, unpublished
data). The magnitude of these responses is small, how-
ever, and the key element that controls the majority of
leukocyte infiltration is the intraperitoneal secretion of
chemotactic cytokines.1318,28,33,39 Central in this process
appears to be the ability of the mesothelial cell not only
to secrete chemotactic cytokines, but to do so in a di-
rected manner such that a chemotactic gradient is cre-
ated from their basolateral to apical aspects and to ex-
press adhesion molecules on their surface that facilitate
the migration process.183439-41,44,4571 The chemokines
are a superfamily of cytokines structurally characterized
by four conserved cysteine residues in their amino acid
sequence. Two subfamilies can be distinguished accord-
ing to the position of the first two cysteines, which are ei-
ther separated by one amino acid (C-X-C chemokines)
or are adjacent (C-C chemokines). IL-8, a prototype
C-X-C or a-chemokine, has more specific action on neu-
trophils while MCP-172-75 and RANTES,76 both C-C or
B-chemokines, are involved in the recruitment of mono-
nuclear cells.

Initial in vitro studies identified the ability of mesothe-
lial cells to secrete IL-8 and these cells have subsequently
been shown to secrete many of the other described o-
and B-chemokines.45 In common with other secreted
products, PM@-derived proinflammatory cytokines are
the major activators of mesothelial cell chemokine secre-
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tion, although following activation with live bacteria or
their secreted products biologically relevant quantities
are generated.28,33,45,51,56

Using mesothelial cells grown as a monolayer (on
porous supports), it has been demonstrated that the se-
cretion of all chemokines measured occurs in a directed
manner such that a gradient of chemotactic activity is
generated across the cells.4471 The migration of neu-
trophils across the mesothelium was dependent on IL-8
secretion while the migration of mononuclear cells oc-
curred in response to both MCP-1 and RANTES. These
observations parallel those made in vivo that have corre-
lated leukocyte subset numbers in the PD peritoneum
with the levels of specific a- and B-chemokine lev-
els.8,13,18,33 Dissipation of the chemokine gradient in
vitro with specific antibodies confirmed its importance
in directing leukocyte trafficking.44

In addition to the secretion of chemokines, the expres-
sion of adhesion molecules on the surface of mesothelial
cells is important in the process of leukocyte (PMNs,
mononuclear phagocytes, and lymphocytes) attachment
and migration.2833,34,39-41,77 [Initial studies identified
that mesothelial cells constitutively expressed both inter-
cellular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1/2).34,39-41 Following acti-
vation with inflammatory cytokines, their expression was
induced and this correlated in monolayer culture with
increased leukocyte adherence or in insert cultures with
increased transmigration.3439-41.44 Blocking experi-
ments with soluble ICAM-1 or specific antibody con-
firmed the functionality of this expression.

Taken together, these results suggest that the mesothe-
lium has the capacity not only to direct leukocyte influx
via the directed and upregulated secretion of chemo-
kines (and thus the formation of a chemotactic gradi-
ent)7! but also (as we discuss later) to control the pheno-
type of recruited leukocytes by the expression of specific
chemokines. These processes are facilitated by adhesion
molecule expression on the surface of the mesothelium
that in turn can control the phenotype of recruited
leukocytes. These factors together with the ability of
mesothelial cells to superinduce IL-8 secretion following
defined stimulation suggest that these cells play a key
and controlling role in the leukocyte recruitment
process in vivo.28,78

Resolution of Inflammation

Once the process of inflammation begins, mechanisms
must be in place whereby its level is controlled and by
which inflammation response is switched off. In the peri-
toneal cavity, there is increasing evidence that the meso-
thelial cell plays a critical role in both these processes.
The activation of inflammation is accompanied by a mas-
sive increase in the intraperitoneal levels of locally se-
creted IL-6.10.11 Our previous in vitro data identified the
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mesothelial cell as its potential source and subsequently
demonstrated that its levels could be superinduced
under conditions mimicking peritoneal inflamma-
tion.27.67.79 These in vitro observations paralleled the
massive increases seen in vivo.l10 Although IL-6 levels
were massively elevated, the precise role of this cytokine
in the peritoneal cavity was unclear as data in other or-
gan systems and inflammation models had ascribed to it
both pro- and antiinflammatory functions.80-83 Our pre-
liminary observations in IL-6-deficient mice, however,
suggest that in peritoneal inflaimmation at least IL-6
serves to control the level of inflammation because neu-
trophil influx in IL-6-deficient mice is three- to fivefold
higher than in wild-type animals (Wilkinson and Topley,
in manuscript).

During peritonitis, the switch from neutrophil infil-
trate during acute inflammation to a predominately
mononuclear cell phenotype as inflammation progresses
is thought to represent the normal process of resolu-
tion.84 Our recent data suggest that the mesothelium,
through its ability to differentially express the o-
chemokine (IL-8) and the B-chemokines MCP-1 and
RANTES, controls the phenotype of leukocytes recruited
across mesothelial cell monolayers.85 The mechanism by
which this process occurs appears to be related to the
ability of the Th-2 cytokine IFNYy, which is present in the
peritoneal cavity during infection,86:87 to simultaneously
downregulate IL-1-driven mesothelial cell IL-8 synthesis
while upregulating MCP-1 and RANTES synthesis.85 The
result is a reduction in neutrophil migration across
mesothelial cell monolayers. Preliminary observations
using an intraperitoneal inflammation model suggest
that a similar mechanism is operative in vivo (Wilkinson,
Robson, and Topley, unpublished data).

Taken together these data suggest that the mesothe-
lium not only is capable of contributing to the induction
of inflammation (see earlier) but also plays a significant
role in its control and resolution. Clearly, this is an area
of significant research interest because understanding
how inflammation is resolved would provide significant
therapeutic potential.

Negative Consequences of
Peritoneal Inflammation:
Preservation of Mesothelial Cell
Integrity and Function

Although inflammation in any organ system is a neces-
sary and normal response to tissue invasion, when it is
repeated or uncontrolled it can have negative conse-
quences on tissue function. In the peritoneal cavity there
is significant evidence of inflammation-associated
changes in the structure and function of the peritoneal

membrane.8889 Peritonitis is a frequent complication in
PD patients, and its occurrence correlates with loss of
membrane function as evidenced by loss of ultrafiltra-
tion and increased small molecular weight solute clear-
ance.90 There is increasing evidence that these func-
tional changes are accompanied by ultrastructural
changes within the peritoneal membrane, including in
some cases altered morphology or loss of mesothelium,
submesothelial cell fibrosis, and angiogenic changes
within the peritoneal capillaries.43,88,89,91-98

At present it is not known which factors contribute to
the development of the fibrotic and angiogenic process,
although it is known that upon appropriate stimulation
mesothelial cells can synthesize both extracellular matrix
components and growth factors and enzymes important
in extracellular matrix turnover.24.25,3299-108 One might
hypothesize that following inappropriate activation the
normal balance of extracellular matrix turnover poten-
tially controlled by mesothelial cells might be altered, re-
sulting in matrix deposition. In this respect, mesothelial
cell phenotype and secretory capacity are altered during
long-term PD.109.110 Whether the same inappropriate
modulation of mesothelial cell function contributes to
surgical adhesion formation remains to be determined.

It is becoming increasingly clear that preservation of
mesothelial cell integrity may be important in maintain-
ing peritoneal homeostasis. Clearly an intact and func-
tional mesothelium is important if these cells play a piv-
otal role in host defense. What is also clear is that, given
that these cells synthesize and secrete a large number of
other bioactive molecules, preserving mesothelial in-
tegrity (and by definition reducing damage to it) is key
in maintaining the normal peritoneal environment. One
of the facets of mesothelial cells is their ability to regen-
erate following injury; in a recently described model, the
remesothelialization process occurred as a result of cell
migration and appeared to be the result of mediators re-
leased by the cells themselves.22 These observations on
the recovery of mesothelial cells following mechanical
injury may be of great significance both to peritoneal
dialysis and to peritoneal injury following surgery as they
provide a model system within which the efficacy of ther-
apeutic agents at promoting remesothelialization can be
tested.

Many of the data that suggest the importance of main-
taining mesothelial cell integrity come from observa-
tions made in PD.110-114 During PD, there is continuous
loss of mesothelial cells as evidenced by exfoliated cells
in dialysis effluent, which is exacerbated during episodes
of peritonitis,114 and also evidence of phenotypic
changes in both the structure and secretory ability of
these cells. This evidence includes both ultrastructural
changes, as shown by direct observation both in animal
models and in peritoneal biopsies from PD patient
cells,43,95,96,112,113,115,116 and changes in peritoneal efflu-
ent levels or ratios of molecules such as phospholipids
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and members of the fibrinolytic cascade that may be ex-
clusively or predominantly of mesothelial cell ori-
gin.30,37,109.117 In long-term PD, there is some evidence
that complete loss of mesothelium precipitates the end
stages of peritoneal sclerosis (also described as sclerosing
peritonitis),118 suggesting its importance in maintaining
normal tissue architecture.

These data suggest that the preservation of an intact
and normally functioning mesothelium is important in
maintaining both the function and the structure of the
peritoneal membrane. Disturbance of its integrity or
function as occurs in long-term PD or following mechan-
ical or surgical trauma may have detrimental conse-
quences and might contribute to structural or fibrotic al-
terations within the peritoneal cavity.

Conclusions and
Future Perspectives

This review has focused on the importance of cytokines
and other inflammatory mediators in the activation and
control of intraperitoneal inflammation and has identi-
fied the potential of the mesothelium, in conjunction
with resident and infiltrating PM@, to initiate and con-
trol inflammatory processes within the peritoneum (Fig.
5.1). Based on current data it is reasonable to hypothe-
size that the mesothelium to some extent contributes to
the following processes:

Nicholas Topley

1. The initial response of the peritoneum to bacterial in-
fection

2. The amplification of that response

. The recruitment of leukocytes to control infection

4. The control of inflammation severity and its resolu-

tion

. The control of peritoneal fibrinolysis

6. The control of peritoneal homeostasis and mainte-
nance of peritoneal membrane structure and func-
tion

o

&

While the mesothelium does not achieve these effects
alone and is acted upon by products derived from resi-
dent and infiltrating leukocytes as well as potentially
other peritoneal membrane cell populations (peritoneal
fibroblasts), it does appear to contribute to many
processes. As such, preservation of its normal function
would appear to be important in preserving peritoneal
homeostasis and its controlled response to inflamma-
tion. Loss of mesothelium as occurs in long-term PD or
following mechanical injury clearly has negative conse-
quences that we are only beginning to understand.
Future work in this area will concentrate on increasing
our understanding of how mesothelial cell injury con-
tributes to peritoneal fibrosis or adhesion formation as
well as increasing our knowledge of the process of reme-
sothelialization following injury. In this respect, recent
data using ex vivo mesothelial cell gene therapy to de-
liver therapeutic or antiinflammatory proteins into the
peritoneal cavity will provide the potential to modulate
the process of inflammation, increasing its benefits and

F1G. 5.1. Schematic representation of
the role of the mesothelium in the initi-
ation, amplification, and resolution
phases of peritoneal inflammation.
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potentially reducing its negative consequences.119-121
Only by having a more complete understanding of how
inflammation contributes to peritoneal membrane dam-
age will we have the potential to design therapeutic
strategies to limit its negative consequences.
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Integrins are a large family of heterodimeric transmem-
brane glycoproteins that were initially identified as re-
ceptors for components of the extracellular matrix
(ECM).12 Integrins are obligate heterodimers, composed
of noncovalently associated a- and B-subunits, each of
which spans the plasma membrane and, typically, pos-
sesses a short (40-60 amino acids) cytoplasmic domain.
Both the a- and B-subunits of integrins consist of a rela-
tively large extracellular domain (~1000 residues for the
a- and ~750 for the B-subunit), a transmembrane do-
main, and a short cytoplasmic tail.3-6 Receptor diversity
and specificity of ligand binding are determined by the
extracellular domains through the regulated pairing of
at least 9 B-subunits and 16 a-subunits, forming a family
of more than 20 functional heterodimers including re-
ceptors for fibronectin, laminin, vitronectin, and colla-
gens. In vitro, integrins have been shown to mediate cell
adhesion to at least 12 different matrix proteins, and to
several receptors that mediate cellular interactions, in-
cluding members of the immunoglobulin and cadherin

....................................... 96

families.” During mammalian development the ECM di-
rects cellular motility and influences the growth and dif-
ferentiation of epithelial and mesenchymal tissues.

Integrin-ECM interactions are mediated primarily by
an Arg-Gly-Asp (RGD) tripeptide, which functions as a
core cell-binding sequence in many matrix proteins. In
addition to mediating cell adhesion, integrins function
as signaling receptors, participating in a diverse array
of cellular effects including spreading, migration, pro-
liferation, differentiation, and survival.3.89 Further-
more, integrin ligation can have profound effects on
expression of a number of other genes, including those
encoding metalloproteinases,10 milk proteins,!! and cy-
tokines.12

Members of the integrin family are expressed in virtu-
ally every cell of most multicellular organisms. In adult
mammals, most cells constitutively express multiple inte-
grins.13-16 However, the expression of certain integrins
is tissue restricted, for example, the leukocyte expression
of By integrins such as a9 (LFA-1) and ayBe (Mac-1),
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and platelet-specific expression of the ay;,Bs integrin
(gpllb-IIa). The leukocyte integrins mediate interac-
tions with membrane-bound ligands, such as intercellu-
lar adhesion molecule-1 (ICAM-1), and in activated
platelets, ay,B3 binds fibrogen and von Willebrand fac-
tor, indicating the extreme versatility of integrin recep-
tors in mediating an array of biological responses.2.4,17-21
Many cells simultaneously express more than one recep-
tor for the same ligand and the same integrins are often
expressed on cells with markedly divergent functions. It
is thus likely that different integrins can direct divergent
cellular responses to a single ligand, and that specific in-
tegrins perform different functions in different cells.
Some integrins are very narrow in their binding speci-
ficity. In contrast, many integrins can bind to multiple
ligands such as the ECM proteins fibrinogen and fi-
bronectin. This complexity may at least in part occur be-
cause integrins can recognize the short amino acid se-
quences present in many proteins, for example, the
amino acid sequence RGD. Nearly one-half of the mem-
bers of the integrin family are known to interact with
RGD sequences in their ligands.21 The a-subunit con-
tains three to four putative divalent cation-binding sites
that have homology to the helix-loop-helix Ca2+-binding
structure (“EF-hand”) found in proteins such as calmod-
ulin, troponin C, and parvalbumin.22 These cation-bind-
ing domains are contained within a larger stretch of
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seven homologous repeated domains (Fig. 6.1). Those
integrins with only three divalent cation-binding sites in
the a-subunit have an additional inserted domain (I) be-
tween the second and third repeats. The I domain is
about 200 amino acid residues long and is homologous
to the A domain of von Willebrand factor.23 Recently, it
has also been shown to bind divalent cation through a
novel cation-binding motif.24,25

This chapter discusses both the possible sites of inte-
grin interaction in the complex process of peritoneal re-
pair and adhesion formation and data from animal stud-
ies that evaluated the effect of soluble, inhibitory
RGD-containing peptides on adhesion formation.

Adhesion Formation

Adhesion formation is a major source of postoperative
morbidity and mortality.2627 General and gynecologic
surgery are the most frequent surgical procedures impli-
cated in clinically significant adhesion formation. The
most serious complication of intraperitoneal adhesions
is intestinal obstruction.28-32 The surgical procedure
most frequently associated with intestinal obstruction,
following adhesion formation, is hysterectomy.33,3¢ Adhe-
sions are also associated with chronic or recurrent pelvic
pain and secondary infertility in females.35-40 Most re-
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cently, intraoperative complications and prolonged op-
erative time have been recognized as serious conse-
quences arising from postoperative adhesion formation.

Integrins may mediate some events that occur during
postsurgical peritoneal repair and adhesion formation.
Within the integrin superfamily, at least three families of
adhesion receptors can be distinguished on the basis of
their B-subunits. Members of each of these families
could potentially be involved in the formation of adhe-
sions through the regulation of a variety of events, such
as fibrin deposition and inflammatory processes.

Sites of Integrin Interaction in
Adhesion Formation

One family of receptors belong to the fibronectin recep-
tor class. This family may regulate the interaction of vari-
ous cell types, including fibroblasts, keratinocytes, and
potentially mesothelial cells with their ECM.1.241
Through blocking the binding of cells to the fibrin clot,
one could envision several points of blocking adhesion
formation. For example, if mesothelial cells could not
bind to the fibrin scaffold, reorganization into a perma-
nent adhesion may not take place.

Fibronectins

Fibronectins have been most extensively studied among
the many extracellular proteins identified so far as being
adhesive for cells.41-46 Fibronectins found in body fluids,
loose connective tissues, basement membranes, and gran-
ulation tissues (~300 wg/mL in plasma, lesser amounts
in other fluids) are multifunctional ECM and plasma pro-
teins, and have been implicated in a wide variety of cellu-
lar properties. These properties include cell adhesion,
morphology, cytoskeletal organization, migration, differ-
entiation, phagocytosis, and hemostasis. There are at
least two types of fibronectins, termed plasma and cellu-
lar fibronectin. These two kinds of fibronectins, al-
though distinguishable, are very similar in structure and
properties. One major source of plasma fibronectin ap-
pears to be hepatocytes,47 although endothelial cells48
and macrophages49 could also contribute.

Recent studies have demonstrated the structure of the
fibronectin molecule and the localization of the various
binding sites within the molecule.50-52 One of the most
important findings was demonstration that its cell at-
tachment site consisted essentially of a tetrapeptide of
Arg-Gly-Asp-Ser (RGDS) in the cell binding of fi-
bronectin.53 Other cell adhesion-promoting regions in
fibronectin, with one active site based on an RGD-type
motif and a second site apparently unrelated, are also
shown within an alternatively spliced segment desig-
nated IIICS54-56 and within the C-terminal heparin-bind-
ing domain of fibronectin.51,57-61
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Fibronectin binds to fibrin or to fibrinogen both via
its N-terminal domain and through site(s) near the
C-terminus of the molecule.4662 The binding of fi-
bronectin to fibrin from blood may be important in the
initial stages of wound healing. Fibroblasts involved in
the healing process adhere particularly well to fi-
bronectin cross-linked to fibrin by factor XIIa transgluta-
minase. The second site in fibronectin involved in ma-
trix assembly includes the first type I repeats.63-66 A
recent study has shown that the N-terminal fragment of
fibronectin binds to fibroblasts that are coated with inte-
grin.67 These results are in accordance with the view that
cell-mediated binding of the N-terminus of fibronectin
is closely coupled to a complex formed by specific high-
affinity interactions between RGD and synergistic sites in
fibronectin and asB; integrin receptor. Through bind-
ing to fibronectin and fibrin, the scaffold for mesothe-
lial cell implantation and adhesion formation, mesothe-
lial cells anchor during the healing process and form the
immature fibrin bands that organize into adhesions.

Platelet Aggregation and Activation

The second family of adhesion receptors that may be
blocked by RGD-containing peptides include the platelet
glycoprotein IIb/Illa receptor.4243 Inhibition of the
binding of this receptor to its ligand will inhibit platelet
aggregation and activation. Because these events acceler-
ate clotting and presumably increase fibrin deposition, a
blockade of this integrin with its ligand may reduce fi-
brin deposition and subsequent adhesion formation.
aypBs consists of a two-chain a-subunit bound noncova-
lently to a single-chain B-subunit. Each subunit spans the
platelet membrane once. The N-terminus and most of
the remainder of each subunit are extracellular, and the
membrane-spanning domain is connected to a short
C-terminal cytoplasmic tail consisting of 20 amino acid
residues in aj;, and 47 residues in Bs. Electron mi-
croscopy of heterodimers shows an N-terminal globular
head connected to two C-terminal stalks.68.69 Although
the atomic structure of ay,B3 is not known, biochemical,
genetic, and molecular modeling studies indicate that
ligand binding is primarily a function of the globular
heads.”0 Because ligand binding is regulated by signals
from within the platelet and also triggers platelet re-
sponses, mechanisms must exist to propagate informa-
tion back and forth between the cytoplasmic tails and
the globular heads. The mechanism of information
transmission is termed inside-out signaling.

Inflammatory Responses

The third adhesion receptor family that could be in-
volved in the formation of adhesions between organs is
the family of integrins found on leukocytes (leukocyte
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antigen receptor family).71-73 Through inhibition of the
interactions between these integrins and their ligands,
inflammatory processes that occur in the early postoper-
ative interval, such as leukocyte infiltration and phagocy-
tosis, may be reduced by postoperative administration of
RGD-containing peptides.

Early events in inflammation enhance expression of
adhesion molecules such as selectins and integrins on
endothelial cells. Selectins are molecules that share
structural domains including (1) a calcium-dependent
lectin domain; (2) an epidermal growth factor-like do-
main; (3) tandem repeats; (4) a transmembrane do-
main; and (5) a cytoplasmic tail. Among the mediators
that can increase P-selection expression rapidly (in the
absence of transcription) are thrombin and platelet-
activating factor, both generated early in response to in-
jury. The first step in this process is the tethering of poly-
morphonuclear leukocytes (PMNs) to the endothelium.
P-selectin on endothelium and L-selectin on PMNs act
sequentially in the initial tethering of PMNs to the en-
dothelium, a process that leads to PMN margination and
increased contact with the endothelium. PMN interac-
tion with the endothelium is enhanced by flow condi-
tions, as would occur in a blood vessel.74 The mechanism
of flow-enhanced avidity is not completely clear, but
strain on the bond between selection and ligand may
lead to a conformational change in one or both mole-
cules, enhancing interaction. In the presence of shear
stress, this leads to PMNs rolling along the endothelial
surface. All selectins have the ability to mediate cell
rolling on a ligand under flow conditions.

The second step in PMN transmigration is integrin ac-
tivation. Leukocyte integrins can exist in two states with
respect to adhesion. In circulating unactivated cells, the
integrins are of low avidity and will not mediate adhe-
sion, even if ligand is expressed on the endothelium. On
activation, the integrin avidity for ligand is markedly in-
creased. The mechanism of this regulation remains un-
certain and probably represents a combination of con-
formational change in the extracellular domain of the
integrins to enhance affinity of individual receptors and
alterations in interaction with cytoplasmic proteins to af-
fect integrin clustering and association with cytoskele-
ton. When PMNs are rolling on endothelium because of
selectin interactions, the chance of exposure to potential
integrin-activating agents such as chemokines, formu-
lated bacterial peptides, or complement fragments is in-
creased. Binding of PMNs with increased integrin avidity
to endothelium-expressing ligand leads to arrest of the
rolling leukocytes, with close and stable cell-cell adhe-
sion between the PMN and endothelial cell. This is the
third step in PMN transmigration.

Two molecules whose neutralization will block PMN
transmigration are platelet-endothelial cell adhesion
molecule (PECAM; CD31) and integrin-associated pro-
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tein (IAP; CD47). Both molecules are expressed on
PMNs as well. Treating either endothelium or PMNs with
antibodies to these molecules can block transmigration,
although treating both cells is required for optimal in-
hibitory effect. PECAM can mediate homophilic bind-
ing, but IAP does not (Fig. 6.1). Rather, IAP is closely as-
sociated with functions of the integrin o3, found on
both endothelium and PMN:s.

PMNs express low levels of a number of integrins
(0B, 3By, asPiy, By, 6By, asPi) that bind a large
number of ECM proteins. a8y also is important in PMN
interaction with both protein and glycosaminoglycan
components of the ECM. Further, monocytes and macro-
phages contain numerous integrin-binding sites that
can mediate inflammatory events including monocyte
chemotaxis, macrophage activation, and phagocytosis.
Prolonged inflammatory responses, resulting from depo-
sition of foreign bodies or cellular debris from tissue
necrosis, can contribute to adhesion formation through
increased fibrin deposition and prolonged inhibition of
fibrinolysis.

Leukocyte Interactions with Laminins

As described, integrin expression on leukocytes has been
shown to regulate many cell-to-cell interactions and
processes involved in the inflammatory response. The
role of the laminins in leukocyte biology has been of
particular interest. The laminins are structurally related
glycoproteins found predominantly in basement mem-
branes.’5-79 Laminins stimulate cell adhesion and
migration, as well as influence gene expression, which
underlies their critical importance in development, dif-
ferentiation, and tissue homeostasis. All the seven known
laminins are composed of three subunits, designated a,
B, and +.80 Structural isoforms exist for each of these
subunits, and the association of these isoforms into het-
erotrimers gives rise to the different lJaminins.80 Numer-
ous studies have revealed that the expression of specific
laminin isoforms is tissue specific and that this expres-
sion pattern is often altered in disease.

The ogB, integrin is the major leukocyte laminin re-
ceptor in macrophages,81.82 neutrophils,83 and T cells.84
However, this integrin when expressed on the surface of
these cells is unable to mediate laminin interactions un-
less activated by physiologic or pharmacologic stimuli.
This regulation of function may provide a mechanism
for controlling leukocyte interactions with basement
membranes and other laminin-containing matrices. This
process of activation by physiological stimuli, which is of-
ten referred to as inside-out signaling, is now described
further.

As described, physiologic processes such as leukocyte
transmigration through- endothelium involve the regu-
lated and sequential activation of a spectrum of adhe-
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sion molecules, including integrins. Recent studies on
chemokine-mediated activation of the ogB; integrin in
monocytes have provided insight into the nature of this
process.85 In these cells, the integrin agB; binds to
VCAM-1 on the endothelial cell surface and both oyB;
and a;B3; bind to fibronectin in the matrix. In vitro adhe-
sion to these ligands under static flow conditions stimu-
lated by the CC (Cys—Cys bond) class of chemokines re-
sulted in the early activation of subsequent deactivation
of ay3;, whereas activation of asB3; occurred later and
persisted. Because these two integrins share the same
B-subunit and differ only in their a-subunit, these data
suggest that the differential regulation of ayf;, and a5
by CC chemokines may result from their differential in-
teraction with putative regulatory molecules through
their a-subunits. A similar mechanism for the differen-
tial regulation of the agAB; and agBB; integrins in
macrophages may exist. The actual mechanism by which
chemokines influence integrin avidity is unclear, but it
appears that integrin redistribution and reorganization
of actin cytoskeleton are required because the effects of
chemokine activation of oyB; can be abolished by cy-
tochalasin B.85

Integrins in Mesothelial Repair

Histologic description of the peritoneum originated
more than 100 years ago.86.87 As described elsewhere in
this volume, the peritoneum is seen as a single layer of
mesothelial cells over a continuous basement membrane
that overlies connective tissue consisting of fibroblasts,
collagen fibers, adipocytes, leukocytes, and an abundant
supply of lymphatics and microvessels. The first electron
photomicrographs revealing the ultrastructure of hu-
man mesothelium were published in 1981.86 The meso-
thelium is seen as a continuous sheet of flattened cells
joined by tight junctions and desmosomes (maculae ad-
herens).86,87 Hence, the mesothelium may be viewed as
an ultrathin epithelial barrier separating the contents of
the peritoneum from the underlying connective tissue of
the peritoneal membrane.

Integrin-ligand interactions are thought to play a vital
role in such processes as adhesion formation, endome-
trial receptivity, placentation, embryonic development,
and tumor invasion. In disease states, such as metastatic
ovarian endometrial cancer, endometriosis, and adhe-
sion formation, the mesothelium may function not as a
barrier but as a substrate for tissue or cellular implanta-
tion. Ovarian tumors can metastasize by direct extension
into the peritoneal cavity through firm attachment to
the underlying stroma. Although the etiology is not pre-
cisely known, endometriosis may result from the seeding
of viable endometrial fragments into the peritoneal cav-
ity via retrograde menstruation. After initial attachment,
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there is evidence suggesting early endometriosis lesions
invade the ECM of the peritoneum.88

Integrin Expression on Mesothelial Cells

Studies were conducted to assess integrin expression in
the peritoneum of normal women and in disease states.
Mesothelium from the abdominal wall and uterine
serosa expressed oy, ag, and ag integrins. The intensity of
mesothelial expression of a integrin subunits was identi-
cal for these two anatomic sites. The mesothelium
strongly expressed oy and a3 and weakly expressed o.89
Others have reported the expression of integrins in peri-
toneal biopsies and in epithelial cells recovered from
peritoneal fluid in women with and without endometrio-
sis. In patients without endometriosis, oy, ag, oy, s, and
ag are expressed. However, it is unclear whether the
staining in the peritoneum biopsy samples was limited to
the mesothelium.9%

Kurk et al.91 reported similar integrin subunit expres-
sion of mesothelial monolayers derived from ovarian sur-
face epithelium (OSE). These investigations found that
these cells express ay, as,as, oy, and B; subunits. Expres-
sion of o and a4 was not investigated. In this study, OSE
cells were grown on plastic, Matrigel, collagen, and fib-
rin. Cell morphology, growth, protease production, and
integrin expression were modulated by the composition
of the ECM. In addition, mesothelial cell cultures de-
rived from omentum have been shown to express 8; and
Bs integrin subunits.92 In this study, these cells did not
express oy, nor did they express By or B4. Cultured hu-
man mesothelial cells also express two integrin ligands,
intercellular adhesion molecule-1 (ICAM-1) and vascular
cell adhesion molecule-1 (VCAM-1).9293 Expression of
these adhesion molecules in vitro was increased by ex-
posure to the cytokines tumor necrosis factor-a and
y-interferon.93

In Vivo Versus In Vitro Expression of
Integrins by Mesothelial Cells

Importantly, differential expression of mesothelial inte-
grins was found in vivo and in vitro. In vivo, the mesothe-
lium expressed ay and ag, and variably expressed ag. In
monolayer culture, the mesothelial cells expressed oy,
ag, a5, and a,. The additional expression of oy and a,
both fibronectin receptors, could be a result of cellular
binding to fibronectin that is interposed between the
cell and the glass slide as a result of serum in the culture
medium or production of fibronectin by mesothelial
cells.9 In contrast, the absence of ag expression, a
laminin receptor, in vitro could be the result of cell
growth in the absence of a laminin-rich basement mem-
brane found in vivo.
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To examine the possibility that the altered integrin ex-
pression of mesothelial monolayers was caused by adhe-
sion to fibronectin, mesothelial integrin subunit expres-
sion in peritoneal explants was examined. That the
mesothelium expression of ag and o, subunits was also
found in explants suggested that differential integrin ex-
pression in monolayers is not caused by the dissociation
of mesothelium from the ECM. Furthermore, exposure
to fibronectin present in the culture media did not alter
this expression.

Influence of Integrin Expression on
Cellular Morphology

Mesothelium from abdominal wall and uterine serosa
was found, using electron microscopy, to have distinct ul-
trastructural morphology. Similar ultrastructural differ-
ences have been reported between the mesothelium of
the abdominal wall and the ovarian germinal epithe-
lium. Unique characteristics of mesothelium in different
locations, including morphology and differential expres-
sion of cell adhesion molecules (ligands for integrins),
could explain the predilection of tumor metastases and
endometriotic implants for specific locations in the peri-
toneal cavity. However, despite ultrastructural differ-
ences in mesothelium, the integrin expression did not
differ and thus cannot explain these anatomic differ-
ences in disease processes.

Cellular Distribution of Integrins

As can be seen from the foregoing, integrins are in-
volved in the interaction of the mesothelial cell and its
surrounding ECM and may be involved in mesothelial
cell-to-cell adhesion. Immunoelectron microscopy re-
vealed that the integrin subunits were not limited to
plasma membrane but were distributed throughout the
cytoplasm. However, the identification of integrins along
the surface of the mesothelium suggests that mesothelial
integrins could play a role in the initial attachment of tu-
mor cells and ectopic endometrium.

Many studies reporting immunohistochemical local-
ization of integrins have reported cytoplasmic im-
munoreactivity.95,96 The nature of this immunoreactivity
is not clear. In most cells the B-subunit is expressed in ex-
cess. Appearance on the cell surface depends on het-
erodimerization of the integrin subunits. The expression
of integrins on the plasma membrane seems to be regu-
lated by the production of a-subunit.9% This method of
regulation of expression of heterodimeric proteins on
plasma membranes is consistent with that in other sys-
tems, for example, expression of the class II heterodimer
of the major histocompatability complex.
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Localization of
Ligand-Binding Sites

Significant progress has been made in the identification
of potential sites for ligand—integrin interactions using
the platelet-specific integrin oy,Bs as the prototype.
ajpBs binds to multiple ligands, including fibrino-
gen,97.98 fibronectin,?9,100 von Willebrand factor,101 and
vitronectin.102 Fibrinogen binding to ay,Bs plays an es-
sential role in platelet aggregation. A tripeptide se-
quence common to all these ligands, RGD, has been
shown to function as a recognition sequence for ligand
binding to ayy,B3.53 Similarly, many other integrins bind
to ligands via this motif. Fibrinogen contains two RGD
sequences located on its Aa-chain (residues 95-97 and
572-574). However, some studies indicate that the RGD
sequence at position 572—574 may play only a minor role
in fibrinogen binding to oyy,3.103.104 Fibrinogen con-
tains an additional recognition site (HHLGGAKQAGDV)
for oy, B3 found at the C-terminal end of its y-chain. This
region (y400-411) also plays an important role in fi-
brinogen binding to oyy,33.105,106

The importance of the amino-terminal portion of
aypPs in ligand binding is highlighted by the proteolytic
production of amino-terminal 55-kDa oy, and 85-kDa B
fragments, which form a calcium-dependent hetero-
dimer that binds fibrinogen in a RGD-dependent man-
ner.107 Further evidence for the role of this region in lig-
and binding comes from epitope mapping of inhibitory
monoclonal antibodies to the amino-terminal region of
B3.108 Similarly, the use of neutralizing monoclonal anti-
bodies also indicated that the amino-terminal region of
the integrin oyBs was expressed and functionally
active.109 More specifically, ligand recognition specificity
for the integrin oyp,B5 has been mapped to the first 334
residues in the oy, chain.110

Signal Transduction: In Brief

Recent research has focused on the process by which in-
tegrin-ligand interations regulate cellular function. Fig-
ure 6.2 summarizes some of the key issues in integrin sig-
naling. The molecular basis of integrin recognition and
binding of ligands is now understood at the level of spe-
cific key residues and binding domains in the ligand and
the integrin receptor. The conformation and binding
affinity of an integrin can be changed markedly by
“inside-out” signaling, and novel insights into the nature
of this process have come from studies of integrin-specific
proteins that bind to a cytoplasmic domain and activate
the integrin. In addition, cytoskeletal mechanisms of
regulation have also been postulated. The process of lig-
and binding results in conformational changes in inte-
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FiG. 6.2. Through interactions between
integrins and their ligands, clustering of
the receptor allows the formation of cy-
toskeletal proteins and proteins that
transduce signals. This schematic
demonstrates some of the interactions
currently defined.
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grins, with alterations observed in the globular head re-
gion and in the B-subunit stalk domain, as detected by
the appearance of new epitopes. Information associated
with this conformational change is thought to be trans-
mitted in some fashion across the membrane.

Inside-Out Signaling

Inside-out signaling denotes those reactions initiated by
the binding of one or more agonists to their plasma mem-
brane receptors, leading to the conversion of the oyy,Bs re-
ceptor on platelets from a low-affinity/avidity receptor to
a high-affinity/avidity receptor (see Fig. 6.1). This conver-
sion has consequences in that it determines whether
aypBs can engage soluble adhesive ligands, such as fibrin-
ogen and vWEF, which contain the integrin recognition se-
quence RGD. These multivalent ligands can function as
bridges between receptors on adjacent platelets, thus al-
lowing platelet aggregation.9% Because oyy,B3 can diffuse
laterally within the plasma membrane, inside-out signal-
ing can have two distinct components: (1) affinity modu-
lation, which implies a structural change intrinsic to the
heterodimer that results in a greater strength of ligand
binding; and (2) avidity modulation, which implies a
change in the functional affinity of the interaction be-
tween receptor and ligand.111 One plausible way that the
latter could occur is through integrin clustering within
the plane of the plasma membrane.

Outside-in signaling denotes reactions initiated by in-
tegrin ligation and clustering, and coordinated with sig-
nals resulting from other plasma membrane receptors
(e.g., growth factor, cytokine, and G-protein-linked re-
ceptors).112-114 Integrin signals help to regulate a host of
postligand-binding events, the particular pattern varying
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with the cell and the integrin. Postligand-binding events
regulated by o, in platelets include the stabilization
of large platelet aggregates, platelet spreading, granule
secretion, clot retraction, and possibly platelet postcoag-
ulant activity.115

Second-Messenger Systems in
Signal Transduction by Integrins

Besides signaling pathways, integrins have dramatic ef-
fects on the actin-containing cytoskeleton. Nevertheless,
integrins regulate the interactions of cytoskeletal pro-
teins including talin, a-actinin, and tensin (see recent re-
view116). However, integrin-induced adhesion complexes
also include multifunctional docking molecules such as
focal adhesion kinase (FAK).117.118 The interactions
within adhesion complexes involves both cytoskeletal
and signaling molecules. As indicated in Figs. 6.1 and
6.2, the binding interactions between these molecules
appear remarkably complex and interconnected as they
form three-dimensional molecular complexes such as
the focal contact.

The membrane-proximal portions of integrin cytoplas-
mic domains are highly conserved. Truncations that dis-
rupt the most membrane-proximal five to seven residues
of either the ayy, or B3 cytoplasmic tail markedly increase
ligand-binding affinity, most likely because of disruption
in intersubunit interactions that normally maintain a de-
fault low-affinity state.119,120 Selected point mutations in
this region induce ligand binding and initiate sponta-
neous tyrosine phosphorylation of FAK.120 Accordingly,
the membrane-proximal integrin hinge region regulates
bidirectional integrin signaling.
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F1G. 6.3. Rank order analysis of the overall adhesion score given
to rabbits in which placebo (saline), RGD, or a 10-amino-acid
peptide containing RGD was administered to the site of injury
throughout the postsurgical interval. Results are the mean *
SD of data from four to eight rabbits per group. A p value of
less than 0.05 was considered significant.

Integrins have been shown to play a role in regulating
gene expression and cell growth, differentiation, and
survival.121-123 They accomplish these tasks by a process
of outside-in signaling whereby ligand-occupied and
clustered integrins control cell shape and the organiza-
tion of the cytoskeleton and generate a variety of bio-
chemical signals. Many integrin-triggered reactions, for
example, activation of protein tyrosine kinases, such as
pp60sre, ppl125FAK, and pp728yk, and activation of phos-
phatidylinositol 3-kinase and mitogen-activated protein
(MAP) kinases, are shared with those generated by more
traditional agonist receptors, such as those for growth
factors and cytokines.

TABLE 6.1. Alterations in cell function associated with peptides

Kathleen E. Rodgers

A plethora of proteins has recently been identified
that can bind directly to integrin cytoplasmic tails, at
least in vitro. Some of these proteins can bind to integrin
a- or B-subunit, others to only a single type. In the case
of one of these, Bs-endonexin, selective binding to the B3
tail, but not to the B; or B, tail, is the result of an NITY
(Asn-Ile-Thr-Tyr amino acid sequence) motif that is spe-
cific for the Bg tail.124¢ In most cases, identification of
these binding proteins has outstripped the characteriza-
tion of their biologic functions, and further analyses of
their roles in vivo are required. Nonetheless, there are
complex relationships between integrin tail-binding pro-
teins and integrin signaling. For example, some of these
proteins are cytoskeletal structural proteins (a-actinin,
fiamin, talin), while possessing kinase activity (pp125FAK,
ILK) or guanine necleotide exchange activity (cytohesin-
1), or function as adapters (e.g., paxillin). Overexpres-
sion of two different tail-selective binding proteins, cyto-
hesion-1 and Bs-endonexin, results in specific activation
of the adhesive function of o;By and oyPs, respec-
tively.125,126 Finally, calreticulin can bind to the membrane-
proximal portion of a-cytoplasmic tails.127 Although this
protein can be found in more than one subcellular loca-
tion and may have several functions even with respect to
adhesion receptors and cytoskeletal proteins,128,129 it is
noteworthy that calreticulin-null embryonic stem cells
are deficient in integrin-mediated cell adhesion and cal-
cium influx.130

Reduction of Adhesion Formation
by RGD-Containing Peptides

As described, many of the processes that lead to adhe-
sion formation could involve integrin-ligand interac-

RGD-containing Amino acid Effect of RGD peptides on Effect of RGD peptides on
peptides sequence cell binding to ECM ECM binding to platelets
RGD Arg-Gly-Asp { Cell binding to ECM | Fg, FN, VN, vWF binding to platelets
RGDSPASSKP Arg-Gly-Asp-Ser-Pro-Ala- { Cell binding to ECM | Fg, FN, VN, vWF binding to platelets
Ser-Ser-Lys-Pro

GRDGASP Gly-Arg-Gly-Arg-d-Ser-Pro | Cell binding to fibronectin 1 Fg, FN, VN, vWF binding to platelets
No change in cell binding to vitronectin Resistant to carboxypeptidase

GdRGDSP Gly-d-Arg-Gly-Arg-Ser-Pro 1 Cell binding to fibronectin and vitronectin Resistant to carboxypeptidase and trypsin

GRGDS Gly-Arg-Gly-Arg-Ser  Cell binding to fibronectin l Fg, FN, VN, vWF binding to platelets

NMe-GRGDSP  nMe-Gly-Arg-Gly-Arg-Ser-Pro L Cell binding to fibronectin and vitronectin | Fg, FN, VN, vWF binding to platelets

Resistant to carboxypeptidase and
aminopeptidase

GRGDNP Gly-Arg-Gly-Arg-Asn-Pro { Cell binding to fibronectin (superior) | Fg, FN, VN, vWF binding to platelets
{ Cell binding to vitronectin (weak) Resistant to carboxypeptidase

GRGDSP Gly-Arg-Gly-Arg-Ser-Pro  Cell binding to fibronectin and vitronectin Resistant to carboxypeptidase

GRGDTP Gly-Arg-Gly-Arg-Thr-Pro 1 Cell binding to fibronectin and vitronectin | Fg, FN, VN, vWF binding to platelets

1 Cell binding to collagen

RGD, arginine-glycine-aspartic acid; ECM, extracellular matrix; Fg, fibrinogen; FN, fibronectin; VN, vitronectin; vWF, von Willebrand factor;

1, decrease.
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TaBLE 6.2. Effect of continuous administration of RGD-containing peptides on the overall adhesion score in the rabbit double

uterine horn model

GRGDdASP GdRGDSP GRGDS n-MeGRGDSP  GRGDNP GRGDSP GRGDTP
Control (0.13mg/mL) (0.14 mg/mL) (0.13 mg/mL) (0.122 mg/mL) (0.133 mg/mL) (0.185 mg/mL) (0.132 mg/mL)

3.0 1.0 1.0 1.5 1.0 1.5 1.5 1.5

25 2.0 1.5 1.0 1.5 2.0 1.0

3.5 1.0 1.5 1.5 1.5 1.5 0.5 1.5

3.0 25 1.0 1.0 1.5 1.0 2.0 1.5

25

2.0
Rank + SD 29.9 * 24 19.13 + 9.1 11.0 + 5.5 11 %55 13.8 + 54.8 16.0 = 7.1 12.1 £ 9.6 16.5 = 0.0
pvalue 0.022 0.000 0.000 0.000 0.002 0.002 0.000

Each number in a column denotes the number given to an individual animal.

tions. These interactions include (1) platelet aggrega-
tion and activation leading to accelerated coagulation
and fibrin deposition, (2) inflammatory processes such
as neutrophil transmigration and macrophage activa-
tion, and (3) implantation of mesothelial cells on the
fibrin-fibronectin scaffold of the immature adhesion.
Because of these numerous sites of potential interven-
tion by blockers of integrin-ligand interactions, RGD-
containing peptides, which have been shown to act in
this manner, were tested for their ability to reduce adhe-
sion formation in the animal model described in Chap-
ter 37 (this volume).

Administration of RGD Peptides
via Alzet Pump

Initial studies were conducted in which the 3-amino-acid
peptide, RGD, and a 10-amino-acid peptide containing
RGD were administered to the site of injury for 7 days af-
ter abrasion and devascularization of both uterine
horns. Administration of both RGD-containing peptides
resulted in a significant reduction in the overall adhe-
sion scores (Fig. 6.3). The effect of administration of sev-
eral of five to six amino acid peptides containing RGD
with a variety of biological activities (Table 6.1) on adhe-

sion formation was then evaluated. All peptides tested
reduced adhesion formation score in this model (Table
6.2). In Table 6.3, the percentage of the uterine horns
involved in adhesions to various organs is shown. Admin-
istration of these peptides to the site of injury signifi-
cantly reduced the extent of adhesion formation to
various sites. Further, the number of sites without adhe-
sions was increased by administration of these RGD-
containing peptides (Fig. 6.4).

RGD Peptides in an Instillate at
the End of Surgery

The efficacy of several viscous formulations (CREMO-
PHORE [BASF, Ludwigshafen]) containing RGD pep-
tides in the reduction of adhesion formation when ad-
ministered at the end of surgery was also tested in the
rabbit double uterine horn model. The overall score
given to the rabbits and the rank order analysis of these
data are shown in Fig. 6.5. The extent of adhesion for-
mation at the individual organ sites and the percentage
of the sites adhesion free can be seen in Table 6.4 and
Fig. 6.6, respectively. Administration of several formula-
tions containing RGD peptides at the end of surgery sig-
nificantly reduced adhesion formation in this model.

TABLE 6.3. Effect of continuous administration of RGD-containing peptides on the extent of adhesion formation in the rabbit

double uterine horn model

Control GRGDdSP GdRGDSP GRGDS n-MeGRGDSP GRGDNP GRGDSP GRGDTP

Right horn

Bowel 35.0 £ 6.2 10.0 £ 5.8* 125+ 75 7.5 = 4.8* 2.5 + 2.5% 10.0 = 4.1* 12.5 £ 2.5* 0.0 = 0.0*

Bladder 45.0 = 8.1 225+ 75 10.0 = 5.8* 15.0 = 5.0* 10.0 £ 7.1* 7.5 + 4.8% 7.5 * 4.8* 16.7 + 3.3

Itself 30.0 £ 3.7 225+ 48 25.0 + 2.9 25.0 £ 2.9 12.5 + 2.5* 17.5 + 2.5* 15.0 £ 6.5 23.3+33

Lefthorn  30.0 2.6 15.0 £ 6.5* 5.0 £ 5.0* 17.5 £ 2.5* 125 = 2.5% 12,5 £ 7.5% 2.5 + 2.5% 0.0 = 0.0%
Left horn

Bowel 35.0 £ 6.2 10.0 £ 5.8* 12,5 = 7.5% 5.0 + 5.0% 2.5 + 2.5% 10.0 + 4.1* 10.0 + 4.1* 0.0 = 0.0*

Bladder 45.0 = 8.1 225+ 7.5 10.0 + 5.8* 15.0 £ 5.0* 7.5 £ 7.5% 7.5 + 4.8% 10.0 = 5.8* 16.7 + 3.3

Itself 33.3+33 20.1 £ 4.1 250+ 29 20.0 + 4.1* 20.0 = 0.0% 15.0 = 2.9* 12,5 = 2.5% 20.0 + 0.0*

Right horn  30.0 = 2.6 15.0 * 6.5* 5.0 + 5.0* 17.5 £ 0.5* 12.5 + 2.5* 12.5 + 7.5* 2.5 + 2.5% 0.0 £ 0.0*

Values are expressed as percentages + S.D.
*Significantly different from control (p < 0.05).
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F1G. 6.4. Percentage of sites evaluated that did not form adhesions to the uterine horns after surgery.

FIG. 6.5. Rank order analysis of the overall adhesion score end of surgery. Results are the mean and SE of data from six to
given to rabbits treated at the end of surgery with nothing seven rabbits per group.
(control), vehicle, or vehicle-containing RGD peptides at the
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TABLE 6.4. Effect of administration of RGD-containing peptides in a viscous gel at the end of surgery on the extent of adhesion
formation in the rabbit double uterine horn model

GT2 + GT2 + GT2 + GT1 + GT1 + GT1 +
Control GT2 10mer nMeGRGDSP GdRGDSP GT1 10mer nMeGRGDSP GdRGDSP
Right horn
Bowel 24.0 = 8.1 6.0 = 4.0* 6.0 £ 4.0% 0.0 0.0 0.0*x0.0* 240*x25 14.0=*6.8 120 + 58 24.0 =103
Bladder 12.0 + 12,0 6.0 = 2.5 6.0 = 4.0 12.0 = 3.7 50 *2.0 80*x58 100x55 6.0 4.0 12.0=*49
Itself 34.0 £ 4.0 240 4.0 16.0 £25*% 20.0*23*% 125=*25% 18.0*+29* 20.0=*45% 30.0*x00 240=x=25
Lefthorn 34.0 = 4.0 10.0 £ 55 10.0 =3.2% 10.0x3.2% 25*25% 24.0*4.0 18.0 = 8.0 18.0 £ 5.7% 22.0 58
Left horn
Bowel 24.0 = 8.1 6.0 = 4.0* 6.0 * 4.0*% 20*20% 0.0*x0.00 220*37 140*6.8 120 £58 124 *10.3
Bladder 12.0 + 12.0 6.0 =25 6.0 = 4.0 10.0 = 3.2* 50.0 = 2.0 80*x58 100=x.5 6.0 4.0 12.0=*49
Itself 34.0 = 4.0 240 4.0 240=*4.0 16 * 6.0* 25*+25%  20.0*+55 24.0=*4.0 26.0 25 240 *5.1
Right horn 34.0 £ 4.0 10.0 = 5.5* 10.0 £ 3.2*% 10.0 £ 3.2 25 *25% 240*40 18.0=*8.0 18.0 £ 5.7* 22.0 +5.8

*Significantly different from control (p < 0.05).

The most efficacious formulation was a viscous gel con-
taining the peptide n-MeGRGDSP.

These studies showed that postoperative administra-
tion of RGD-containing peptides, which block a variety
of integrin-ligand interactions, reduced adhesion for-

mation in this animal model.

Conclusions

The field of integrin biology has been emerging and

cently has the contribution of these molecules to repro-

duction function (e.g., embryo implantation), gyneco-

logic disease states (e.g., implantation of endometrium
in endometriosis and metastatic tumors), and adhesion
formation been recognized. As an example, recent work

has indicated that administration of soluble RGD-
containing peptides will reduce adhesion formation.131
The complexity and promiscuity of these systems is only
now being fully understood. A full appreciation of the
contribution of this field of cellular biology to mesothe-

rapidly progressing during the past 15 years. Only re-
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Healing of wounds in the peritoneum and the skin may
seem to be quite different, but at the molecular level
they share many common aspects. For example, both
peritoneal and skin wound healing involve inflamma-
tion, chemotactic migration, mitosis and differentiation
of wound cells, and synthesis or remodeling of extracel-
lular matrix. In this chapter, we describe the roles of ma-
trix metalloproteinases and their tissue inhibitors in nor-
mal and abnormal wound healing in the skin.

Matrix Metalloproteinases in
Wound Healing

The matrix metalloproteinases (MMPs) comprise a gene
family of enzymes that share important common proper-
ties.! Their catalytic mechanism requires an active site
Zn2+; they are secreted as inactive zymogens; they can
degrade various components of the extracellular matrix;
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and their proteolytic activity is inhibited by tissue-derived
inhibitors, called TIMPs (tissue inhibitors of metallopro-
teinases). In addition, the various metalloproteinases
share a high degree of structural similarity, reflected by
about 40% amino acid homology among all members of
the family. To date, more than 17 different MMPs, each
representing distinct gene products, have been charac-
terized and additional members of this gene family con-
tinue to be identified. Detailed information about the
MMP family can be found in recent reviews.2.3

Classification of
Matrix Metalloproteinases

Five major classes of matrix metalloproteinases are in-
volved in wound repair: collagenases, gelatinases, stro-
melysins, membrane-type metalloproteinases, and other
matrix metalloproteinases. MMPs are categorized by
their capacity to degrade various extracellular matrix
substrates, a property that is conferred by constituent
structural domains.

Collagenases

The best characterized, and historically oldest, subgroup
of MMPs are the interstitial collagenases, which possess
the unique ability to cleave native type I, I, and III colla-
gens.4 These types of collagen molecules are designated
as fibrillar collagens because they are rigid rods formed
by the triple helix of three collagen protein chains. The
fibrillar collagen molecules associate in a head-to-tail and
side-by-side arrangement to form a fibril, and multiple
fibrils associate to form a collagen fiber that has ex-
tremely high tensile strength (resistance to breaking). In-
tact collagen fibrils are very resistant to proteolytic de-
struction by most enzymes except collagenases. Three
interstitial collagenases have been identified, all of which
cleave native type I collagen at a single locus (at Gly775-
1le776 in the o chain and at Gly775-Leu776 in o), which
is located about three-fourths of the distance from the N-
terminus of the collagen molecule. At physiologic tem-
perature (37°C), the three-fourths and one-fourth length
fragments of collagenase digestion denature sponta-
neously into randomly coiled gelatin peptides and can be
further attacked by a variety of enzymes, including the
gelatinases. However, the single cleavage of the collagen
triple helix catalyzed by interstitial collagenases is the
rate-limiting step of collagen degradation, and these en-
zymes are believed to be uniquely capable of initiating
type I collagen degradation in vivo at neutral pH.5

Of the three known human metallocollagenases, colla-
genase-1 (MMP-1) seems to be the enzyme that is princi-
pally responsible for collagen turnover in most tissues.
In a variety of normal and disease-associated tissue re-
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modeling events, collagenase-1 may be expressed by ep-
ithelial cells, fibroblasts, endothelial cells, chondrocytes,
and macrophages.6-11 Collagenase-2 (MMP-8) is found
only in neutrophils and chondrocytes,12.13 and collage-
nase-3 (MMP-13), originally cloned from a breast carci-
noma line,14 is also expressed in articular cartilagel5.16
and developing bone.17,18

Gelatinases

There are two metallogelatinases, of M, 72,000 and
92,000, which possess virtually identical substrate speci-
ficity, but are expressed in different tissues and are
subject to distinct regulation.19.20 The 72-kDa gelatinase
(gelatinase A, MMP-2) is produced by most mes-
enchyme-derived cell types, including fibroblasts, os-
teoblasts, and smooth muscle cells, but unlike other met-
alloproteinases, its expression is not markedly regulated
by cytokines, growth factors, or hormones, with the ex-
ception of transforming growth factor-§ (TGF-B).21 This
paucity of regulatory modification most likely reflects
the lack of an AP-1 sequence in its promoter, a unique
property of 72-kDa gelatinase as compared to all other
MMPs. The 92-kDa gelatinase (gelatinase B, MMP-9) is
actively expressed by eosinophils,22.23 monocytes/macro-
phages, and epithelial-derived cells (e.g., keratinocytes)
and is stored by neutrophils.12.22 The MMP-9 promoter
contains two AP-1 sites, and its expression is subject to
modification by a variety of physiologic signals.24 Both
gelatinases are able to degrade all types of denatured col-
lagens to small fragments, but are able to degrade type I
collagen only after the initial cleavage of intact collagen
by MMP-1. In addition, MMP-2 and MMP-9 also degrade
intact fibronectin and insoluble elastin, and the gelati-
nases can attack and degrade intact basement mem-
branes containing native type IV collagen, which is the
major type of collagen found in basement membranes.25
Type IV collagen molecules are not straight, rigid rods
like the fibrillar collagen molecules, but have bends in
the triple helical region. This structure causes type IV
collagen molecules to aggregate together into a sheet-
like meshwork of polygonal shapes that ultimately form
a multilayered network.

Stromelysins

The stromelysins are so designated because of their
broad substrate specificity. Three stromelysins have been
characterized, and two of these, stromelysin-1 (MMP-3)
and stromelysin-2 (MMP-10), possess very similar catalytic
activity but exhibit quite different gene regulation.26
Stromelysin-1 and -2 are strong proteoglycanases and can
also degrade basement membranes, laminin, fibro-
nectin, and the nonhelical telopeptides of some colla-
gens (e.g., types IV and IX).25 Proteoglycans are large
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molecules that contain a core protein which is linked to
many long carbohydrate chains. Proteoglycans bind
large amounts of water because of their enormous carbo-
hydrate content and provide compressibility to the extra-
cellular matrix. The third stromelysin, stromelysin-3
(MMP-11), appears to exhibit only weak and limited pro-
teolytic activity2? and on the basis of structural distinc-
tions may not be a true MMP.1

Membrane-Type Metalloproteinases

A group of four novel MMPs (MMP-14, MMP-15, MMP-
16, and MMP-17) possess a transmembrane domain that
directs these enzymes to the cell surface where they may
activate the pro-forms of other MMPs, such as 72-kDa
gelatinase and collagenase-3, or function as proteinases
during cell migration.28 The MMPs are called membrane-
type MMPs or MT-MMPs and are often designated MT1-
MMP, MT2-MMP, MT3-MMP, and MT4-MMP.

Other Matrix Metalloproteinases

Matrilysin (MMP-7) is the smallest matrix metallopro-
teinase (M, 28,000) but possesses broad and potent cat-
alytic activity against extracellular matrix (ECM) sub-
strates and nonmatrix proteins.29 Matrilysin is a stronger
proteoglycanase than stromelysin-1,30 and also degrades
basement membranes, insoluble elastin, laminin, fi-
bronectin, gelatin, and entactin.2531 Matrilysin appears
to be produced only by a select population of cell types,
most prominent of which are the glandular epithelium
of a variety of tissues including the endometrium, breast,
prostate, pancreas, and parotid, and sweat glands of the
skin.29 Macrophage metalloelastase (MMP-12) possesses
high specific activity against insoluble elastin but can
also degrade many other matrix proteins.32 Metalloelas-
tase may have the most limited cellular expression of
MMPs, being essentially only produced by tissue macro-
phages.

Tissue Inhibitors of
Metalloproteinases

The overall activities of MMPs in a wound environment
are determined by several parameters including the rate
of synthesis of MMPs, the activation of latent MMPs, and
the levels of specific inhibitor proteins of MMPs, the tis-
sue inhibitors of metalloproteinases or TIMPs. To date,
four such TIMPs have been characterized and are desig-
nated TIMP-1, TIMP-2, TIMP-3, and TIMP-4. TIMPs block
the catalytic activity of MMPs but have no efficacy against
serine, sulfhydryl, or acid proteases. In addition to their
metalloproteinase inhibitory effects, the TIMPs have been
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reported to possess growth-promoting activities for a wide
range of cells.33 TIMP-1 forms a strong complex with acti-
vated MMP-1, MMP-2, and MMP-3. TIMP-2 binds and in-
hibits both active and latent forms of MMP-2.

Synthesis of MMPs and TIMPs is extensively regulated
by growth factors and cytokines, and frequently there is
coordinated synthesis of the MMPs, TIMPs, and ECM
proteins by growth factors and cytokines. For example,
interleukin-1 (IL-1), epidermal growth factor (EGF),
and basic fibroblast growth factor (bFGF) upregulate
the expression of MMP-1, MMP-3, TIMP-1, and collagen.
TGF-B,, which is a very powerful inducer of scar forma-
tion, upregulates collagen synthesis while downregulat-
ing MMP expression and upregulating TIMP-1 produc-
tion by fibroblasts. These examples demonstrate how
growth factors, cytokines, MMPs, and TIMPs regulate key
processes of normal healing.

Domain Structure of
Matrix Metalloproteinases

The MMPs are organized into structural domains that
impart their specific biologic functions. All MMPs have a
catalytic domain of 21 kDa that binds the active site
Zn2+. The Zn-coordinating region is highly conserved
with three histidine residues representing three of four
Zn-interactive ligands.34 Single amino acid mutations in-
troduced into this sequence render the enzyme catalyti-
cally inactive. This catalytic domain is also the site of
TIMP interaction with active metalloenzyme and con-
tributes to determining the substrate specificity of
MMPs.25,35 All MMPs also contain an N-terminal pro-
domain of 8 kDa that maintains the enzymes in an inac-
tive, or zymogen, state. This propeptide is characterized
by the invariant sequence PRCGVPD, with the cysteine
residue representing the fourth interactive ligand of the
active site Zn2+. Enzyme latency is conferred by this
Cys—Zn interaction.36 MMP zymogens can be activated by
exposure to proteases, chaotropes, or sulfhydryl chela-
tors, all of which disrupt the Cys-Zn association, causing
the enzymes to cleave themselves by an intramolecular
process at the start of their catalytic domain. Matrilysin,
the smallest, and perhaps primordial MMP, contains only
the pro-domain and the catalytic domain.

Other than matrilysin, all MMPs contain a 22-kDa
C-terminal domain that has structural homology to the
heme-binding protein, hemopexin. This domain has
been implicated, at least partially, in two major MMP
functions: determining their substrate specificity and
modulating their interactions with TIMPs. The contribu-
tion of the hemopexin-like domain to substrate speci-
ficity is variable, but is most clearly illustrated in the case
of interstitial collagenase. Here, truncation of the hemo-
pexin-like domain yields an enzyme that can nonspecifi-
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cally attack casein but is incapable of degrading type I
collagen.35 Furthermore, substitution of the hemopexin-
like domain of stromelysin onto the collagenase catalytic
domain fails to restore collagenolytic activity. For other
enzymes, such as stromelysin37 and the metallogelati-
nases,35.38 however, C-terminal truncation does not ap-
pear to alter substrate specificity. The metallogelatinases
are unique among the MMPs in the capacity of their zy-
mogen forms to bind TIMPs. This TIMP-binding capac-
ity of the metallogelatinase zymogens is conferred
entirely by their hemopexin-like domains.35.38 Further-
more, this domain also participates, in addition to the
catalytic domain, in the binding of TIMP to all active
MMPs.39 The collagenases, stromelysins, and macro-
phage metalloelastase are composed of a catalytic do-
main, a pro-domain, and a hemopexin-like domain.

The metallogelatinases both contain three head-to-tail
repeats of the Fn-2 domain of the cell adhesion protein,
fibronectin. These Fn-2 repeats divide the catalytic do-
main of both gelatinases and are specifically responsible
for the strong gelatin-binding affinity of these en-
zymes.40 The 92-kDa gelatinase, in addition, contains a
unique collagen-like domain, the function of which is
unknown.

Roles of Matrix Metalloproteinases
in Wound Repair

Collagenase-1 Expression in Skin Wounds:
A Paradigm of the Role of Metalloproteinases
in Tissue Repair

Tissue repair involves an orderly progression of events to
reestablish the integrity of the injured tissue. The initial
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injury sets off a programmed series of interdependent
yet separate responses, such as reepithelialization and
epithelial proliferation, inflammation, angiogenesis, fi-
broplasia, matrix accumulation, remodeling, and even-
tually resolution. During each stage in this process,
proteinases are needed to remove or remodel ECM com-
ponents in both the epithelial and interstitial compart-
ments, in part to accommodate cell migration and other
ongoing events. Much of the knowledge of the patterns,
function, and regulation of MMPs in tissue repair has
been obtained from studies of cutaneous wounds and
ulcers.

Reepithelialization of Skin Wounds

As shown in Fig. 7.1, collagenase-1 is prominently and in-
variably expressed by basal keratinocytes at the migra-
tory front in all forms of cutaneous wounds with an in-
jury that breaches the basement membrane, including
normally healing wounds, burns in humans and animals,
various forms of blisters, and chronic ulcers.6-8 When
detected in the dermis, the expression of collagenase-1 is
typically low and confined to a few cells. Furthermore,
collagenase mRNA or protein is always confined to the
basal layer of the epidermis and diminishes progressively
away from the wound edge. It is not detected in any cell
in intact healthy skin. In wounded skin, collagenase-1 is
not expressed by the hyperproliferative cells just behind
the wound front that are residing on basement mem-
brane or by suprabasal cells in intact or wounded skin.
This restricted pattern of collagenase-1 expression sug-
gests that the activity of collagenase-1 serves a beneficial
role in reepithelialization. Indeed, keratinocyte migra-
tion on native collagen is completely blocked by treat-
ment with a synthetic hydroxamate inhibitor of collage-
nase-1.41

F1G. 7.1. Distinct localization of col-
lagenase-1 and tissue inhibitor of
metalloproteinase  (TIMP-1) ex-
pression. Serial sections of ulcer-
ated pyogenic granuloma were hy-
bridized for collagenase-1 (C’ase)
or TIMP-1 mRNAs. An ulceration
(U) is indicated with underlying
inflammatory cells; the adjacent
epidermis (E) has formed an ep-
ithelial tongue to cover the defect.
Collagenase-positive  basal  ker-
atinocytes (left) are detected only
at the migrating front of epithe-
lium (arrows). In contrast, TIMP-
positive cells (right) are found
within the underlying granulation
tissue (bordered by arrows), but not
in epidermis. Please see insert for
color reproduction of this figure.
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Expression of collagenase-1 by migrating epithelial
cells is specific to the skin. During repair of mucosal sur-
faces, such as in the colon and the airways, migrating ep-
ithelial cells do not express collagenase-1 but rather pro-
duce and release matrilysin (MMP-7), which is not
produced in skin wounds.4243 Although the pattern of
the expression of these two MMPs among tissues is simi-
lar, that is, both are expressed by migrating epithelium,
the precise function of the enzymes and the events con-
trolling their production are likely to be distinct.

Collagen Induces
Collagenase-1 Expression

Because collagenase-1 was not detected in intact epider-
mis, disruption of the basement membrane and subse-
quent exposure of keratinocytes to the underlying der-
mal stroma may be a critical determinant for the
induction of epidermal collagenolytic activity. Basal ker-
atinocytes normally rest on a basement membrane com-
posed of laminins, entactin/nidogen, proteoglycans,
and type IV collagen. During wound healing, keratin-
ocytes migrate from the edge of the wound under a pro-
visional matrix of fibrin and fibronectin and over or
through the viable dermis, which includes structural
macromolecules, such as type I collagen, microfibrils,
and elastin, distinct from those in the basement mem-
brane. Thus, loss of contact with the basement mem-
brane and establishment of new cell-matrix interactions
with components of the dermal and provisional matrices
may be a critical determinant that alters keratinocyte
phenotype and induces collagenase-1 production.

Native type I collagen, the most abundant protein in
the body, found in essentially all interstitial spaces, in-
duces expression of collagenase-1 in keratinocytes, and
this induction is mediated by high-affinity contact via
the agf; integrin.41,44 Other molecules with which ker-
atinocytes may interact include laminin-1, laminin-5,
elastin, fibrinogen/fibrin, fibronectin, and type III col-
lagen.44 Gelatin, generated by heat denaturation, does
not influence collagenase-1 expression. These findings
support the idea that contact with native type I collagen
is an important, if not the principal, determinant regu-
lating the invariant expression of collagenase-1 by mi-
grating keratinocytes during wound repair. Further-
more, these results imply that interaction with a matrix
substrate influences the expression and release of a spe-
cific metalloproteinase. In turn, the product of proteol-
ysis, gelatin, may repress MMP expression, thereby pro-
viding a feedback signal to accurately control the site
and duration of proteinase release. This paradigm im-
plies that the pericellular environment, and the matrix
in particular, regulates the pattern and level of MMP ex-
pression.
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Expression of Matrix
Metalloproteinases in
Other Epithelial Tissues

Matrilysin is expressed by migrating airway and colon ep-
ithelial cells that have migrated off a basement mem-
brane and onto the underlying interstitium.42:43 Collage-
nase-1 is not expressed in the injured epithelia of these
other tissues, and matrilysin is not expressed by ker-
atinocytes in skin wounds. Thus, the pattern of MMPs ex-
pressed in response to injury differs among tissues. Col-
lagenase-1 facilitates migration of keratinocytes over the
collagen-rich matrix of dermis, whereas matrilysin would
be a more appropriate proteinase to remodel airway wall
matrix components, which include elastin, adhesive gly-
coproteins, and proteoglycans that are substrates for ma-
trilysin but not collagenase-1.

Inhibition of Collagen-Mediated
Induction of Collagenase-1

As epithelial wounds heal, collagenase-1 production
ceases. Two major processes promote the downregula-
tion of collagenase-1. One is cell-cell contact. Even
though confluent epithelial cells are in contact with type
I collagen, they do not express collagenase-1. The sec-
ond is contact with specific basement membrane pro-
teins such as laminin. Laminin-1 is deposited in the
newly formed basement membrane just behind the mi-
grating front of epidermis and inhibits keratinocyte mi-
gration. As reepithelialization progresses, the mass of
laminin-1 deposited under the previously migrating ker-
atinocytes accumulates, providing a site-specific mecha-
nism to downregulate collagenase-1 expression. Consis-
tent with this idea, relatively small concentrations of
laminin-1 can block the inductive effect of native type I
collagen.44 Assuming one binding event per molecule,
one laminin-1 molecule effectively blocked the induc-
tion of collagenase-1 mediated by about 3000 collagen
molecules. Because type I collagen is so abundant in the
dermis, it is not surprising that the inhibitory effect of
laminin-1 is so potent.

Tissue Inhibitor of
Metalloproteinase-1 in Wounds

Although dermal collagen induces collagenase-1 expres-
sion, other factors in the wound environment may affect
collagenase-1 expression and activity. Keratinocytes are
capable of secreting TIMP-1 in vitro, but TIMP-1 mRNA
seldom colocalizes with collagenase-1 mRNA in migrat-
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ing keratinocytes in wounds.6.8 The distinct localization
of enzyme and inhibitor suggests that keratinocyte-de-
rived collagenase-1 acts without impedance from TIMP-
1, and this actually makes sense. As for most biologic
processes, matrix degradation is a precise event. Pro-
teinases are produced and released on demand from
cells activated to degrade matrix proteins. By means of
specific cell-surface receptors, the cell recognizes a par-
ticular matrix molecule and is instructed to produce the
appropriate metalloproteinase, which is then released
into the pericellular space where it degrades its specific
substrate. It is possible that sites of matrix degradation
are isolated by reorganization of the cell membrane,
analogous to the ruffled border of osteoclasts. As the cell
moves beyond the site of matrix degradation, excess or
spent proteinase would spill into the open extracellular
space. Thus, TIMPs may act in the tissue environment to
neutralize ‘spent’ proteinases, thereby preventing exces-
sive and unwanted degradation away from the sites of
metalloproteinase production. The presence of TIMP-1
beneath the epidermis may provide a mechanism to con-
tain collagenolytic activity to the epidermal front.

Expression of Cytokines and
Collagenase by Keratinocytes

Expression of collagenase-1 is also regulated by many sol-
uble factors, and these may have a role in modulating ex-
pression in normal wounds and in overexpression of
proteinase in chronic wounds.24,45 Collagenase-1 expres-
sion is upregulated by hepatocyte growth factor (HGF),
but interestingly, this stimulation was seen only in ker-
atinocytes plated on collagen, not in cells on gelatin.43
Furthermore, basic fibroblast growth factor (bFGF or
FGF-2) and keratinocyte growth factor (KGF) repress
collagenase-1 production in keratinocytes but stimulate
enzyme production in mesenchymal cells.4l TGF-B; is
considered to be a fibrogenic factor because it stimulates
production of structural matrix proteins and TIMP-1,
while repressing expression of collagenase-1 in fibro-
blasts.45 In keratinocytes, however, TGF-; stimulates col-
lagenase-1 production.45 Similarly, interferon-y upregu-
lates collagenase-1 production in keratinocytes but
inhibits expression in dermal fibroblast. Collectively,
these findings indicate that the regulation of collage-
nase-1 in keratinocytes is unique compared to that in
other cell types.

Expression of Stromelysin in Wound Repair

Other MMPs are expressed by human keratinocytes dur-
ing wound repair. For example, stromelysin-2 (MMP-10)
is produced by the same basal keratinocytes that express
collagenase-1, whereas stromelysin-1 (MMP-3) is seen in
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a spatially distinct population of basal keratinocytes adja-
cent to but removed from the wound edge. Unlike colla-
genase-1 and stromelysin-1, expression of stromelysin-2 is
confined strictly to the epidermis. Because stromelysins
can activate procollagenase, stromelysin-2 may have a
role in regulating collagenolytic activity at the migratory
front of the epidermis.26 Similar to collagenase-1,
stromelysin-2 may facilitate keratinocyte migration by de-
grading noncollagenous matrix molecules or by remov-
ing damaged basement membrane.

As shown in Fig. 7.2, stromelysin-1 is also expressed in
the basal epidermis, but the keratinocytes expressing
this metalloproteinase are removed from the migrating
front and are in contact with an intact basement

F1G. 7.2. Collagenase-1 (top) and stromelysin-1 (bottom) are ex-
pressed in distinct areas of the healing epidermis. Serial sec-
tions of a nonspecific ulcer were hybridized with 35S-labeled
antisense RNA probes for collagenase-1 (C’ase) and strome-
lysin-1 (Str-1) mRNAs. The migrating front of the epidermis,
adjacent to an ulceration (U) in the upper left corner, is indi-
cated by large arrows. Signal for collagenase-1 mRNA was de-
tected only in basal keratinocytes within the migrating front. In
contrast, signal for stromelysin-1 mRNA was seen in the epider-
mis away from the migrating front of epithelium and in many
dermal fibroblasts. Please see insert for color reproduction of this

figure.
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membrane. Because it is produced by proliferating ker-
atinocytes, stromelysin-1 is probably not involved in reep-
ithelialization per se but rather is needed for restructur-
ing the newly formed basement membrane. In further
contrast to stromelysin-2, stromelysin-1 is abundantly ex-
pressed by dermal fibroblasts in the granulation tissue
associated with wounds. The promoter regions of
stromelysin-1 and stromelysin-2 genes are quite separate.
Thus, although stromelysin-1 is synthesized by many cell
types and is stimulated by a variety of cytokines,
stromelysin-2 production is seemingly limited to epithe-
lial cells. Furthermore, although expression of both en-
zymes is induced by tumor necrosis factor-a (TNF-a),
epidermal growth factor (EGF), keratinocyte growth fac-
tor (KGF), and TGF-B;, stromelysin-2 production is not
influenced by IL-1, IL-6, or platelet-derived growth fac-
tor (PDGF). Because of its broad substrate specificity,
stromelysin-1 may be an important enzyme in remodel-
ing the dermal matrix during wound repair and may
function with collagenase-3, which is expressed in the
same location at the same stage of repair.

Expression of Gelatinases in Wound Repair

Other matrix metalloproteinases with broad catalytic ac-
tivity, such as the 72-kDa and 92-kDa gelatinases, may be
important in releasing keratinocytes from the basement
membrane before lateral movement at the beginning of
epithelial wound healing, and both gelatinases are tran-
siently seen in epidermal cells shortly after wounding.
Gelatinase-B is produced by human keratinocytes plated
on plastic, and its expression is stimulated by growth on
collagen and by TGF-8;. In addition, upregulation of 92-
kDa gelatinase is seen in the epithelial layer of healing
rabbit corneal wounds, and hence the healing response
in the cornea may be distinct from that in the skin.24 Be-
cause neutrophils store 92-kDa gelatinase but do not ac-
tively make it, this enzyme may be involved in a wound
healing response when these cells are present.22

Collagenase-1 in
Wound Fibroblasts

In addition to the epidermis, collagenase-1 (MMP-1) is
expressed by dermal fibroblasts in normally healing
wounds and chronic ulcers.6.7 Typically, however, only a
few scattered positive cells are seen, and the signal per
cell is much less than that detected in keratinocytes. Der-
mal expression of collagenase-1 may be limited to cer-
tain stages of wound repair, such as resolution of granu-
lation tissue. In contrast to the idea that cell-matrix
interactions are required for collagenase-1 induction in
keratinocytes, enzyme expression in stromal cells may be
more dependent on cytokines. Stimulation of collage-
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nase-1 gene expression by fibroblasts is mediated by an
IL-1 autocrine loop and is augmented by other factors,
such as TNF-o, EGF, and PDGF. Supportive of the re-
quirement of inflammatory mediators for expression of
collagenase-1 by stromal cells, no expression of collage-
nase-1 is seen in samples of fibrotic ulcers lacking any in-
flammation or in acute wounds made ex vivo, which are
also devoid of an inflammatory infiltrate.?

Cell-matrix interactions may also influence metallo-
proteinase production in dermal fibroblasts. Collage-
nase-1 expression is markedly increased in dermal fi-
broblasts grown in collagen, and as for keratinocytes, this
induction is mediated by ayf; integrin. However, be-
cause fibroblasts, unlike keratinocytes, normally reside
in a collagen-rich environment, the cells must possess a
mechanism to repress collagenase-1 expression in rest-
ing tissue where they likely contact collagen. Indeed,
many studies have indicated that changes in cell shape
are required for expression of collagenase-1 by fibro-
blasts in collagen gels, and thus factors that control fi-
broblast movement, shape, and contractility may also
regulate the expression of MMP-1 in activated cells. In
addition, matrix fragments that may be generated and
encountered in the wound environment can induce col-
lagenase-1 expression in fibroblasts. Collagenase-1 is not
expressed by synovial fibroblasts plated on intact fi-
bronectin, but elevated levels of the enzyme are pro-
duced by cells grown on a 120-kDa, RGD-containing
fragment of fibronectin. The inductive effect of this fi-
bronectin fragment is mediated by cooperative signaling
through a;B; and ayB; integrins. Interestingly, this effect
is markedly enhanced by exposure to tenascin, an abun-
dant and early deposited component of the wound bed
matrix (see also Chapter 6).

Thus, as in keratinocytes, the regulation of collage-
nase-1 production in fibroblasts is seemingly complex,
being affected by multiple and diverse stimuli. Impor-
tantly, the degradative activity of collagenase-1 in the epi-
dermis and dermis may be involved in distinct processes
related to healing that are accomplished by the different
cellular compartments. Whereas keratinocytes may
cleave dermal collagen at the surface to aid migration
and promote reepithelialization, stromal collagenolytic
activity may be needed for tissue remodeling associated
with granulation and scar formation. The diagram
shown in Fig. 7.3 summarizes the localization and differ-
ences in MMPs and TIMPs between normal and chronic
wound healing conditions.

Metalloproteinase in
Chronic Wounds

The failure of wounds to heal represents a major health
care problem, and because cytokines, growth factors,
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FIG. 7.3. Balance of matrix metalloproteinases (MMPs) and
TIMP-1 in normal and chronic wounds may affect repair. A. In
normally healing wounds, collagenase-1 is expressed by migrat-
ing basal keratinocytes that have moved beyond the edge of the
disrupted basement membrane (BM). Stromelysin-2 (Strom-2)
is also expressed by this same population of migrating cells.
Stromelysin-1 (Strom-1) is also expressed in the wounded epi-
dermis but by a functionally distinct population of basal ker-
atinocytes. The stromelysin-1-expressing keratinocytes are hy-
perproliferative cells whose daughters maintain the migratory
front as well as differentiate to reestablish the suprabasal layers.
Further removed from the wound site, no metalloproteinase is
produced in intact epidermis. As reepithelialization pro-
gresses, these spatial relationships are maintained. That is, mi-
grating cells stop migrating and become hyperproliferative
once they contact a newly formed basement membrane (which
they produce), and in turn, proliferating keratinocytes assume
the phenotype of cells in intact skin. At the completion of reep-
ithelialization, expression of all metalloproteinases is turned
off. Natural antiproteinases, such as TIMP-1, produced in the
underlying wound would neutralize metalloproteinase activity
after remodeling, thereby preventing excess degradation. B. In
chronic ulcers, the same spatial patterns of metalloproteinases
are maintained, but quantitative differences of enzyme expres-
sion may contribute to the inability of these lesions to close. In
ulcers many more cells express collagenase-1, and the strome-
lysins and the expression levels of these metalloproteinases are
much greater than seen in normal wounds. In addition, TIMP-1
levels are markedly reduced. The overproduction of MMPs
coupled with continued inflammation and the underproduc-
tion of TIMP-1 may lead to excess matrix degradation and im-
paired healing.
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proteases, and endocrine hormones play key roles in
regulating acute wound healing, it is possible that alter-
ations in the actions of these molecules could contribute
to the failure of wounds to heal normally. Several meth-
ods have been used to assess differences in molecular en-
vironments of healing and chronic wounds. Ho-
mogenates of wound biopsies can be used to measure
levels of mRNAs and proteins. Histologic sections of
biopsies can be used to immunolocalize proteins in
wounds. Fluids that spontaneously collect in acute surgi-
cal wounds and chronic skin ulcers also can be used to
analyze the molecular environment of healing and
chronic wounds. Several important concepts have
emerged from the molecular analyses of acute and
chronic wound environments.

The first major concept to emerge from analysis of
wound fluids is that the molecular environments of
chronic wounds have reduced mitogenic activity com-
pared to the environments of acute wounds. For exam-
ple, when fluids collected from acute mastectomy
wounds are added to cultures of normal human skin fi-
broblasts, keratinocytes, or vascular endothelial cells, the
acute wound fluids consistently stimulate DNA synthesis
of the cultured cells. In contrast, addition of fluids col-
lected from chronic leg ulcers typically does not stimu-
late DNA synthesis of the cells in culture. Also, combin-
ing acute and chronic wound fluids inhibited the mitotic
activity of acute wound fluids. Similar results were re-
ported by several groups of investigators, who found that
acute wound fluids promote DNA synthesis although
chronic wound fluids do not.46-48

The second major concept to emerge from analysis of
wound fluids is that the cytokine environment of chronic
wounds is substantially more proinflammatory than the
molecular environment of acute wounds. For example,
the ratios of two key inflammatory cytokines, TNF-a and
IL-18, and their natural inhibitors, P55 and IL-1 receptor
antagonist in mastectomy fluids are significantly higher
in mastectomy wound fluids than in chronic wound flu-
ids (Table 7.1). At the 1994 meeting of the European Tis-
sue Repair Society, Trengove and colleagues also re-
ported high levels of the inflammatory cytokines IL-1,

TABLE 7.1. Ratios of cytokine inhibitor to cytokines in fluids
from healing and chronic wounds

Wound fluids P55/TNF-a IL-1 RA/IL-1B
Healing wounds 12:1 480:1
Chronic ulcers 4:1 7:1

Fluids from acute healing wounds or chronic wounds were measured
by ELISA for levels of cytokine agonists and their selective inhibitors.
Molar ratio of TNF-a and its inhibitor, P55 protein which is a soluble
form of the TNF-a receptor, are approximately 3 fold higher in healing
wounds compared to chronic wound fluids. Similarly, the molar ratio
of IL-1B and its natural inhibitor, IL-1 receptor antagonist (IL-1 RA), is
approximately 70 fold higher in healing wounds.
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IL-6, and TNF-u in fluids collected from venous ulcers of
patients admitted to hospital. More importantly, levels of
the cytokines significantly decreased in fluids collected 2
weeks after the chronic ulcers had begun to heal. Harris
et al.48 also found cytokine levels were generally higher
in wound fluids from nonhealing ulcers than healing ul-
cers. These data suggest that chronic wounds typically
have elevated levels of proinflammatory cytokines, and
that the molecular environment changes to a less proin-
flammatory cytokine environment as chronic wounds be-
gin to heal.

A third important concept that has emerged from
analysis of wound biopsies and wound fluids is that pro-
tease activity in chronic wounds is significantly elevated
compared to acute wounds. In our examination of many
samples of pyogenic granuloma, pyoderma gangreno-
sum, and decubitus and stasis ulcers, the levels of colla-
genase-1 mRNA were markedly higher and the tran-
scripts were seen over much longer distances of the basal
epidermis than the levels and pattern seen in normally
healing wounds.? (Figure 7.4) Also, analyses of wound
fluids have shown the average level protease activity in
mastectomy fluids determined using a general substrate
for MMPs, Azocoll, is low (0.75 ug collagenase equiva-
lents per milliliter; n = 20) with a range of 0.1 to 1.3 pg
collagenase equivalents per milliliter. This finding sug-
gests that protease activity is tightly controlled during
the early phase of wound healing. In contrast, the aver-
age level of protease activity in chronic wound fluids
(87 pg collagenase equivalents per milliliter, n = 32) is
approximately 116 fold higher (p < 0.05) than in mas-
tectomy fluids. Also, the range of protease activity in
chronic wound fluids is rather large (from 1 to 584 pg
collagenase equivalents per milliliter). More impor-
tantly, the levels of protease activity tend to decrease in
chronic venous ulcers 2 weeks after the ulcers begin to
heal (Fig. 7.5). Yager and colleagues#9 also found 10-
fold-higher levels of MMP-2 protein, 25-fold-higher levels
of MMP-9 protein, and 10-fold-higher collagenase activ-
ity in fluids from pressure ulcers compared to surgical
wound fluids, using gelatin zymography and cleavage of
a radioactive collagen substrate. Using immunohisto-
chemical localization, Rogers et al.50 observed elevated
levels of MMPs in granulation tissue of pressure ulcers
along with elevated levels of neutrophil elastase and
cathepsin G. Bullen et al.5! reported that levels of TIMP-
1 were decreased while levels of MMP-2 and MMP-9 were
increased in fluids from chronic venous ulcers compared
to mastectomy wound fluids.

Other classes of proteases also appear to be elevated in
chronic wound fluids. Rao et al.52 reported that fluids
from skin graft donor sites or breast surgery patients
contained intact oj-antitrypsin, a potent inhibitor of ser-
ine proteases, very low levels of neutrophil elastase activ-
ity, and intact fibronectin. In contrast, fluids from the
chronic venous ulcers contained degraded o;-anti-
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FIG. 7.4. Expression of collagenase-1 is elevated in chronic ul-
cers. In situ hybridization for collagenase-l mRNA was per-
formed on sections of an acute wound (upper panel) and a non-
specific ulcer (bottom panel) using an 35S-labeled RNA probe.
Partial thickness wounds were made under aseptic conditions
on the ventral forearm of normal subjects, and one day later, a
4-mm punch biopsy was obtained. In the dark-field photomi-
crograph, two epidermal fronts are seen migrating into the
wound bed (W). Weak signals for collagenase-l mRNA are
seen in basal keratinocytes at the forward extent of the wound
edge (arrows). Inset: higher-magnification view of the epider-
mal front seen to the left of the wound bed. In the chronic
wound section (lower panel), strong signals for collagenase-1
are seen in several basal keratinocytes (small arrows) at the ul-
cer edge (U). Signal for collagenase-1 mRNA in keratinocytes
is much stronger in the ulcer than in the acute wound. Because
the autoradiographic exposure for the acute wound was 21
days and only 10 days for the ulcer, the difference in signal per
cell is even greater than that seen in these photomicrographs.
In addition, many more keratinocytes express collagenase-1 in
the chronic ulcer than in the normally healing wound, and col-
lagenase-1 is also expressed by many cells in the dermal space,
which in this specimen are macrophages. Thus, collagenase-1
can be markedly upregulated in nonhealing lesions. Please see
insert for color reproduction of this figure.
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F1G. 7.5. Protease levels in fluids collected from nonhealing
and healing chronic venous leg ulcers of 15 patients at the start
of hospitalization (nonhealing) and 2 weeks later after the ul-
cers had clinical evidence of healing (healing). Protease activi-
ties were measured using Azocoll as the substrate. Lines con-
nect the protease levels measured in the two samples from
each patient (nonhealing and healing).

trypsin, 10- to 40-fold more neutrophil elastase activity,
and degraded fibronectin. Wysocki and colleagues53 also
found that chronic leg ulcers contained elevated MMP-2
and MMP-9, and Grinnell and Zhu54 reported that fi-
bronectin degradation in chronic wounds depended on
the relative levels of elastase, aj-proteinase inhibitor, and
ag-macroglobulin. Besides being implicated in degrad-
ing essential extracellular matrix factors like fibronectin,
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proteases in chronic wound fluids also have been re-
ported to degrade exogenous growth factors in vitro
such as EGF, TGF-B;55 or PDGF.5556 In contrast, exoge-
nous growth factors were stable in acute surgical wound
fluids in vitro.

Supporting this general concept of increased degrada-
tion of endogenous growth factors by proteases in
chronic wounds, the average immunoreactive levels of
some growth factors such as EGF and TGF-3; were found
to be lower in chronic wound fluids than in acute wound
fluids, while PDGF-AB, TGF-a, and insulin-like growth
factor (IGF-1) were not.5557.58 In general, these results
suggest that many chronic wounds contain elevated lev-
els of MMP and neutrophil elastase activities. The physi-
ologic implications of these data are that elevated pro-
tease activities in some chronic wounds may directly
contribute to the failure of wounds to heal by degrading
proteins that are necessary for wound healing such as ex-
tracellular matrix proteins, growth factors, their recep-
tors, and protease inhibitors. Interestingly, Steed and
colleagues9 reported that extensive debridement of dia-
betic foot ulcers improved healing in patients treated
with placebo or with recombinant human PDGF. It is
possible that frequent sharp debridement of diabetic ul-
cers helps to convert the detrimental molecular environ-
ment of a chronic wound into a pseudoacute wound
molecular environment.

Biologic Response of
Chronic Wound Cells

Biochemical analyses of fluids and biopsies from healing
and chronic wounds suggest that there are some impor-
tant molecular differences in the wound environments.
However, these data describe only half the picture. The
other essential component of the chronic wound envi-
ronment is the capacity of the cells in a chronic wound
to respond to these molecular regulators. Interesting
new data are emerging which suggest that fibroblasts in

Fic. 7.6. Diagram of the relationships
of factors in the environment of heal-
ing wounds and chronic ulcers. Analy-
ses indicate that healing wounds (left)
generally have high levels of mitogenic
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activity, low levels of inflammatory cy-
tokines, low levels of proteases, high
levels of growth factors, and mitotically
competent fibroblasts. In contrast,
chronic wounds (right) tend to have

low levels of mitotic activity, high levels
of inflammatory cytokines, high levels
of proteases, low levels of growth fac-
tors, and nearly senescent fibroblasts.
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skin ulcers which have failed to heal for many years may
not be capable of responding to growth factors and ex-
tensively dividing as fibroblasts do in healing wounds.
Data presented by Dr. Magnus Agren at the 1998 meet-
ing of the European Tissue Repair Society indicated that
fibroblasts cultures established from chronic venous leg
ulcers grew to lower densities than fibroblasts cultures
established from acute wounds or from uninjured der-
mis. Also, fibroblasts from venous leg ulcers that had
been present for more than 3 years grew more slowly and
responded more poorly to PDGF than fibroblasts from
venous ulcers that had been present for less than 3 years.
These results suggest that fibroblasts in ulcers of long
duration may have decreased ability to respond to exoge-
nous growth factors and may have reduced capacity to
divide (premature senescence).

Future Concepts for the
Treatment of Chronic Wounds

Based on these biochemical analyses of the molecular
environments of acute and chronic human wounds, it is
possible to propose a general model of differences be-
tween healing and chronic wounds. As shown in Fig. 7.6,
the molecular environment of healing wounds promotes
mitosis of cells, has low levels of inflammatory cytokines,
has low levels of proteases, and has high levels of growth
factors and cells capable of rapid division. In contrast,
the molecular environments of chronic wounds gener-
ally have the opposite characteristics, that is, these do
not promote mitosis of cells, have elevated levels of in-
flammatory cytokines, have high levels of proteases and
low levels of growth factors, and have cells that are ap-
proaching senescence. If these general concepts are cor-
rect, then it may be possible to develop new treatment
strategies reestablishing in chronic wounds the balance
of cytokines, growth factors, proteases, their natural in-
hibitors, and competent cells found in healing wounds.
New treatment strategies could be designed to reduce
the elevated protease levels. Fortunately, new potent syn-
thetic inhibitors of MMPs as well as naturally occurring
protease inhibitors such as TIMP-1 and o;-antitrypsin,
are available by recombinant DNA technology. The use
of a recombinant growth factor, PDGF-BB, was recently
approved by the FDA for diabetic foot ulcers. Treatment
of chronic wounds with engineered tissue replacements
such as Dermagraph® and Apligrapf® has proven to be
effective in selected types of ulcers. The cells that popu-
late the synthetic skin substitutes probably do not survive
long term in the wound, but probably secrete important
cytokines, growth factors, matrix proteins, and protease
inhibitors that eventually recruit healthy cells around
the wound to migrate into the chronic wound. In the fu-
ture, treatment of chronic wounds with combinations of
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selective inhibitors of proteases, growth factors, and tis-
sue replacements may synergistically promote healing
and provide an adjuvant for traditional treatment of
chronic skin ulcers.
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Biology of the Plasmin System

Tissue Remodeling

In healing, tissue remodeling is essential to form the
new tissue. The process of tissue remodeling is triggered
by the trauma, amplified and orchestrated during in-
flammation, and concluded when recruited cells have
replaced the defect with newly formed tissue. These
events require a complex interaction of cytokines,
growth factors, and last, but not least, proteases. In this
context, the main function of the proteases are to clear
the area by degrading damaged tissue and fibrin de-
posits and to facilitate the migration of cells. For cells to
relocate, they are, during certain conditions, able to
transverse physical barriers including basal laminae and
the extracellular matrix (ECM). Typically this migration
occurs during tissue repair, embryogenesis, and spread-
ing of malignant tumors. When cells migrate, they de-

grade the preceding tissue by a focal pericellular prote-
olysis accomplished by locally generated proteases.!

The proteases that degrade basal laminae and ECM,
including fibrin, can be subdivided into three main
classes: (1) serine proteases, (2) metalloproteases (MMPs),
and (3) cysteine proteases, also called cathepsins.2 A
consistent body of evidence has demonstrated that ser-
ine proteases are key players in tissue remodeling in the
peritoneal cavity and throughout the body. The rele-
vance of these enzymes in peritoneal tissue repair and
their possibility for being utilized as tissue markers in ad-
hesion formation are discussed in this chapter.

Serine Proteases

The serine proteases are a diverse group of proteins in-
cluding factors in the coagulation cascade and compo-
nents of the plasmin system. A common feature of these
proteases is that they catalyze the hydrolysis of peptide

117



118

pro
extracellular MVPs
matrix active
MWVPs
/ '
+
degradation bound/latent
rowth factors
products plasmin 9
fibrin *
release/activation
of
growth factors

pro ———>> active
uPA uPA

F1G. 8.1. Actions of plasmin in the extracellular matrix. Plasmin
degrades fibrin and other components of the extracellular ma-
trix to degradation products. It also activates extracellularly
stored pro-MMPs (pro-metalloproteases) to their active
counterparts. In addition, plasmin is involved in the release or
activation of growth factors.

bonds. This is a critical step in many biologic processes,
and consequently serine proteases are involved in a vari-
ety of biologic processes including the activation of the
complement cascade, inflammation, degradation of
extracellular matrix, coagulation, and fibrinolysis. In-
hibitors of the serine proteases are called serpins (serine
protease inhibitors). These are large proteins with mole-
cular weights up to 100 kDa.3

Although typically associated with thrombolysis, plas-
min is a broad-spectrum protease that degrades fibrin
and a variety of components of the ECM.4 In addition,
plasmin is essential in a variety of processes including the
mobilization and release of basic fibroblast growth fac-
tor,5 activation of latent transforming growth factor-
beta,67 and the activation of proenzymes in the matrix
metalloprotease family,89 and pro-uPA (pro-urokinase
plasminogen activator).10 Thus, plasmin seems to be a
key element in the complex series of events that occurs
during tissue repair (Fig. 8.1).

The Plasmin System

The plasmin system comprises plasmin itself, the zymo-
gen plasminogen, and components that regulate the
generation of plasmin (Fig. 8.2). An important feature
of the plasmin system is its high efficacy. In contrast to
other protease systems (i.e., MMPs) that are regulated in
part by access to the zymogen,? the proenzyme of the
plasmin system (plasminogen) is abundant in virtually
all tissues. Because of the high concentration of plas-
minogen, even small amounts of plasminogen activators
(PAs) generated can result in high concentrations of
plasmin locally.11
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F1G. 8.2. The plasmin system. The plasminogen activators (PAs)
tissue-type PA (tPA) and urokinase (uPA) convert the inactive
plasminogen to the active protease plasmin. If active PA in-
hibitors (PAls) are available, they inhibit this reaction by com-
plex binding with the PAs. Free plasmin is inactivated by anti-
plasmins.

Plasminogen Activators

There are two known endogenous PAs, tissue-type PA
(tPA) and urokinase PA (uPA) both of which are very ef-
ficient in the generation of plasmin. However, tPA is
highly fibrin specific as the result of binding to the fi-
brin itself, whereas uPA does not bind directly to fibrin
but is dependent on the specific binding of plasminogen
to fibrin.12 This binding renders tPA very proficient in
fibrin degradation.

tPA is the main PA in blood and has been identified in
virtually all tissues in rats!3 and also in humans.14-26 It is
a serine protease with a molecular weight of 65 kDa tPA
is highly fibrin specific and the activity can increase up
to 1000 fold when bound to fibrin.27 In a free form, it is
rapidly inactivated by 1:1 complex formation with plas-
minogen activator inhibitor-1 (PAI-1).28,29 The main pro-
duction of tPA is conceived to occur in the vascular en-
dothelium, but also other cells such as macrophages30.31
and mesothelial cells15,3233 can produce large amounts
of tPA. It was demonstrated recently that peritoneal
mesothelial cells express tPA constitutively and that its
release is reduced by proinflammatory mediators.34 tPA
exists in a single-chain and a double-chain form with
equal efficiency in the presence of fibrin.35

uPA is the main plasminogen activator in urine and is
present in plasma and in many tissues.16,23,26,36-40 In the
degradation of fibrin clots uPA and tPA are equally effi-
cient,41 but the efficacy of uPA versus tPA in tissue is not
completely known. However, uPA has a lower affinity for
fibrin than tPA,42 and recent observations indicate that
uPA is the major PA in tissue, at least during inflamma-
tory conditions.43 It is likely that uPA in tissues has a lo-
cal effect by degrading fibrin and matrix components in
the extracellular space. uPA exerts its proteolytic effects
attached to the cell surface by a receptor (uPAR).44 Like
tPA, uPA is a serine protease, and it has been suggested
that uPA is involved in tissue remodeling and the spread-
ing of cancer metastases,45:46 presumably by disintegrat-
ing tissues in conjunction with MMPs. uPA exists in an
inactive precursor form (single-chain urokinase or pro-
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urokinase) and is upon activation by plasmin converted
to the active two-chain urokinase.10

Plasminogen Activator Inhibitors

Plasminogen-activator inhibitor-1 (PAI-1) is the main in-
hibitor of tPA and uPA. Endothelial cells produce PAI-1
as do a variety of cells including macrophages, fibro-
blasts, synovial endometrial, and mesothelial cells.15.19,23,
33,34,47-54¢ Platelets contain large amounts of PAI-1,55
which they release upon activation. PAI-1 is released
from cells to the ECM in response to various stimuli in-
cluding endotoxin, trauma, or infection.56-60 More re-
cent studies have demonstrated that the secretion of
PAI-1 from a variety of cultured cell types increased
after exposure to transforming growth factor-beta
(TGF-B)335261,62; (Falk et al., in manuscript). Extracellu-
arly, PAI-1 is deposited bound to vitronectin.6364 The half-
life of tPA in plasma resulting from inactivation of PAI-1 is
about 100 seconds.65 PAI-1 is unusual in that it sponta-
neously converts to an inactive (latent) form.66 Active PAI-1
forms inactive complexes with both uPA and tPA.

Initially found in human placenta,67 PAI-2 has later
been identified in plasmaé8 and in several cell types in-
cluding human omental mesothelial cells, macrophages,
and pulmonary epithelial cells.20.47.50,70 [t is also pro-
duced by peritoneal mesothelial cells in culture.34 In the
peritoneum, PAI-2 expression in mesothelial cells was
considerably increased in peritonitis when it is, in addi-
tion, expressed by inflammatory cells (Holmdahl et al.,
in manuscript). PAI-2 is a relatively poor inhibitor of tPA,
and it has been proposed that PAI-1 and PAI-2 have
different biologic functions.70 PAI-2 forms inactive com-
plexes with both uPA and tPA. Although present in in-
flamed human peritoneum, the role of PAI-2 in peri-
toneal tissue repair is not well defined.

Protease nexin 1 is a broad-spectrum inhibitor of
trypsin-like serine proteases (including PAs) produced
by a number of anchorage-dependent cells, as has been
reviewed.65 It is not detectable in plasma, and the role of
protease nexin 1 in peritoneal fibrinolysis is to be
determined. PAI-3 is a relatively unspecific heparin-
dependent serine protease inhibitor present in plasma
and urine. It is less well characterized than the other PA
inhibitors. PAI-3 is identical to the protein C inactivator,
and has a considerably reduced inhibiting efficiency
compared to the other PA inhibitors.71 It has also been
suggested to be identical to kallikrein-binding protein.72
It is not known if PAI-3 is present in peritoneal tissue.

Plasmin Inhibitors

There are at least three kinds of plasmin inhibitors
(ag-macroglobulin, ag-antiplasmin, oj-antitrypsin), of
which ag-antiplasmin is specifically directed against plas-
min. Because the plasmin inhibitors act much more
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slowly than plasminogen activator inhibitors, it has been
suggested that they have diverse biologic functions.65 A
common feature of plasmin inhibitors is that they do not
inactivate receptor-bound plasmin, which is protected
from inactivation.”® Because plasmin typically binds to
fibrin or to cell-membrane receptors, both of which are
likely to occur in peritoneal tissue repair and adhesion
development, the role of plasmin inhibitors in perito-
neal biology is not well defined.

The Plasmin System in
Peritoneal Repair

The mesothelium is perceived to have a barrier function
regulating molecular traffic to and from the peritoneal
cavity. Typically the mesothelium is a flat, continuous
layer without distinct cell boundaries. In addition to the
direct surgical injury, an abdominal operation elicits a
local inflammatory reaction. Recent morphologic studies
of human inflamed peritoneum revealed that in inflam-
mation the mesothelial cells rounded up, lost contact
with each other, and occasionally detached, exposing the
edematous submesothelium (Holmdahl et al., in manu-
script). This reaction constitutes a barrier breach, proba-
bly of importance in the pathogenesis of intraabdominal
fibrin deposition. Inflammation typically produces extra-
vasation of plasma proteins including fibrinogen, which
then could ooze into the peritoneal cavity. Considering
the vascularity and the surface area of peritoneum, the
exudation could be substantial. The ballooning of meso-
thelial cells, also noticed in conjunction with surgically
induced peritoneal injuries in animals ( Jakobsson et al.,
in manuscript), is likely to indicate that the cells are acti-
vated in response to a challenge.

Several lines of evidence indicate that the plasmin sys-
tem, especially PAs, are key factors in the different stages
of tissue repair including inflammation, cellular migra-
tion, matrix formation, and reepithelialization. PAs are
produced by several cell types of importance in perito-
neal tissue repair (Holmdahl et al., in manuscript):
(1) mesothelial cells, (2) fibroblasts and capillary en-
dothelium in the submesothelial tissue, (3) inflamma-
tory cells that have migrated into the wounded area, and
(4) free-floating intracavitary cells. The PAs released by
these cells conceivably have a concerted action in tissue
repair including the removal of the fibrin clot, degrada-
tion of ECM, growth factor mobilization and activation,
angiogenesis, and reepithelialization.!1

Fibrin

Fibrin is an endogenous polymer. During coagulation it
polymerizes from monomers that are cleaved from fi-
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brinogen by thrombin. Fibrinogen is soluble but forms
an insoluble gel on conversion to fibrin. During poly-
merization, fibrin is very tacky and adheres to a moist or
even wet surface. After polymerization, it loses its tacki-
ness and becomes a semirigid, fluid-tight sealant.74
These biochemical insights might explain observations
on the tendency of peritoneal surfaces to stick to each
other after abdominal surgery. In an experimental ani-
mal model, it was demonstrated that the susceptibility
for adhesion formation was significantly decreased or
eliminated after the first 36 hours and that the magni-
tude of adhesion prevention was directly proportional to
the agent’s ability to remain at the site of injury during
that critical period of adhesion development.”5 A likely
explanation for this is that intraabdominal fibrin poly-
merization and stabilization took place within that time
frame, and once the fibrin deposit is mature, surfaces no
longer need to be separated.

The formation of a blood clot is facilitated by the bind-
ing of fibrinogen to an integrin receptor in the cell
membrane of activated platelets. This binding appar-
ently aids in the initial stabilization of the clot and may
also greatly enhance the establishment of the clot by
release of thrombin and PAI-1 from the entrapped,
activated platelets.55 Finally, the fibrin mesh is stabilized
by intermolecular crosslinking of adjacent fibrin mono-
mers by Factor VIII. Although platelet activation and ag-
gregation are of paramount importance in thrombus
formation in the vasculature,’6 the contribution of
platelets in the formation of fibrin deposits in the perito-
neal cavity is obscure. If intraperitoneal bleeding has oc-
curred, platelets are obviously around, but otherwise
not. Nonetheless, platelets are not essential in the forma-
tion of a clot, and fibrin polymerizes in the absence of
platelets,?7 although the clot structure and mechanical
properties are different.74 Interestingly, some proteins
interact with fibrin, altering clot structure and proper-
ties.74 Some macromolecules including dextrans may
also affect fibrin polymerization.”7 It is well established
that clot structure and stability have profound impact on
its resistance to fibrinolysis, as reviewed by Falk.76 It
might therefore be that this was a mode of action of dex-
trans, once frequently used to reduce postoperative ad-
hesion formation in pelvic surgery.

Tissue Markers of Peritoneal Injury

tPA

Early on it was proposed that there was a central com-
mon pathway in the early development of adhe-
sions.78-82 During this initial phase of peritoneal tissue
repair (0-3 days post injury) the adhesive attachment
consists of a fibrin network infiltrated by inflammatory
cells.83 Biologically, this phase is similar to intravascular
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thrombus formation post injury. In analogy with intra-
vascular clotting, where the thrombus must be lysed to
restore vascular patency, intraabdominally deposited fib-
rin has to be lysed to free attached structures and restore
the patency of the cavity. Investigations on the potential
fibrin degradation capacity intraperitoneally revealed
that peritoneum possesses plasminogen-activating activ-
ity (PAA)84-88 as well as an inhibitor of fibrinolysis.89
Based on these observations and in support of the hy-
pothesis, it was demonstrated that a reduction in perito-
neal PAA was associated with an increased formation of
adhesions.81,8290 In animals, typical intraoperative
trauma including diathermy coagulation, ischemia, free
peritoneal grafting, or infection reduced peritoneal PAA
perioperatively.8290 Furthermore, it was noted that the
PAA was not maximally depressed at the time of opera-
tion, but further declined during the first 24 hours post-
operatively, and that there was a relationship between
the magnitude of PAA depression and adhesion develop-
ment.82 Thus there seemed to be a relationship between
peritoneal PAA and trauma.

From animal work using diverse species, it is well estab-
lished that ischemia is a powerful stimulator of adhesion
development.79.91-99 It has also been demonstrated that
ischemia causes a significant reduction in PAA.81,82,100
The clinical relevance of these findings was verified by
Thompson and coworkers, who were able to demon-
strate reduced PAA in peritoneum from ischemic bowel
in humans.17 Using a human model, a reduction of peri-
toneal PAA, paralleled by a decline in tPA, was noted.101
The reduction in peritoneal PAA during surgery was
caused by a reduced tPA activity, accounting for about
95% of the PAA.22 The reduction in tPA activity was ob-
served in noninflamed as well as in inflamed perito-
neum, indicating that it was caused by the operative
trauma.?2

It is well established that surgery affects the systemic
fibrinolytic response,102,103 and the changes in intraperi-
toneal PAA could thus be a part of a generalized re-
sponse. To clarify this, a study was undertaken in which
paired peritoneal samples and peripheral blood were
sampled every 30 minutes during surgery.25 This study
revealed that systemically there was a transient and sig-
nificant immediate increase in tPA activity, followed by
an increase in the total levels of tPA (tPA antigen). A cor-
responding decrease in PAI-1 activity was noted during
an operation that lasted up to 90 minutes. It was not un-
til the very end of the operation that signs of a systemic
fibrinolytic shutdown occurred. None of the parameters
investigated correlated with time (Fig. 8.3).

Locally, in the peritoneal cavity, the response was dif-
ferent. There was an immediate and ongoing reduction
in tPA activity, significantly correlating with a decline in
total levels of tPA (p < 0.001), indicating that the re-
duced tPA activity was, to a significant degree, caused by
a reduced expression of tPA locally. The decline of tPA
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F1G. 8.3. Intraoperative changes in components of the plasmin
system in peripheral blood. Note that there was an early peak
in tPA activity (p < 0.05) followed by a later increase in tPA
antigen (p < 0.05). After 90 min, PAI-1 activity had increased
significantly (p < 0.05) compared with values at the opening of
the abdominal cavity. The inactive complex between tPA and
PAI-1 seemed to be dependent of tPA concentration (tPA anti-

antigen and activity correlated significantly with time
(< 0.05 and p < 0.01, respectively). Obviously, tPA dis-
appeared from the peritoneum during the operation. In-
terestingly, the decline in peritoneal tPA antigen and ac-
tivity was more profound at the wound site where there
typically is an ongoing trauma (i.e., from retractors),
compared to a remote site (p < 0.05) where the trauma
was less intense (Fig. 8.4). This finding combined with
the differential expression of tPA systemically led to the
conclusion that the reduced fibrinolytic activity was a lo-
cal response to trauma and provided an explanation for
the frequent involvement of the wound site in adhesion
development.25 Moreover, it indicated that measurement
of peritoneal tPA activity could be used as a marker of
peritoneal injury.

Although detectable in samples obtained from pa-
tients with peritonitis, in none of these studies was PAI-1
detectable in normal peritoneum, and the role of PAI-1
was unclear. Mesothelial cells in culture produced large
amounts of PAI-1,15 and by using immunohistochemistry
it was shown that mesothelial cells expressed PAI-1 in
vivo.23

gen) rather than PAI-1 concentration. uPA did not change sig-
nificantly. The tPA activity (IU/mL), tPA antigen (ng/mL),
PAI-1 antigen (ng/mL), and uPA activity (ng/mL) refer to the
left y-axis, whereas PAI-1 activity (IU/mL) and tPA-PAI com-
plex (pmol/L) refer to the right y-axis. (Redrawn from Holm-
dahl et al.25)

PAI-1

Using a more efficient extraction technique, PAI-1 was
detectable in peritoneal samples.24¢ This method enabled
a more thorough analysis of the kinetics of the plasmin
system expression systemically and in peritoneal tissue
during surgery,26 which revealed dramatic intraoperative
changes in peritoneal expression of the plasmin system.
The initial event was a significant decline in tPA activity
within the first hour of surgery, followed by an increase
in PAI-1, uPA, and tPA-PAI complex detected during
the second hour of surgery. These changes persisted
throughout the operation. The kinetics was not reflected
in peripheral blood samples, and there was no signifi-
cant correlation between local and systemic expression,
confirming the previous observation. Because of this,
sampling of peripheral blood as done in these studies
cannot be utilized as a means to predict peritoneal ex-
pression. Because tPA is readily absorbed from the ab-
dominal cavity to systemic circulation,104 it was suggested
that the increase in systemic expression might reflect a
transperitoneal absorption.26
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Although the initial tPA activity was significantly lower
in inflamed peritoneum, the reduction was proportion-
ally equal in inflamed and noninflamed tissue, indicat-
ing that the operative trauma elicited a similar response
in tPA expression irrespective of the inflammatory status
in the abdominal cavity. Apparently the local depletion
of tPA empties the peritoneum of its main stimulator of
fibrinolysis, at least temporarily. The secretion of tPA is
regulated,105,106 suggesting that abdominal surgery trig-
gers a signaling pathway leading to tPA release from the
mesothelium. Several possible factors that downregulate
tPA expression are identified, including tumor necrosis
factor-alpha (TNF-n), endotoxin (LPS), interleukin
1-beta (IL-1B), and TGF-B15,107 (Falk et al., in manuscript),
at both the protein and gene levels.108 Of these, TGF-8,
released from platelets109 during surgery, is likely to be
the first one at the scene.

PAI-1 is produced by the mesothelium, but also by cells
in the submesothelial tissue, especially in peritonitis,
where it partly colocalizes with macrophages as does the
expression of uPA.23 Considering the timing, it seems
unlikely that macrophages accumulate and produce sig-
nificant amounts of PAI-1 within 2 hours. Indeed, a pre-
liminary study investing the density of macrophages in
peritoneum did not reveal any substantial accumulation
during surgery.22 This result suggests that other cell
types present including the mesothelium and fibro-
blasts52 are likely sources in noninflamed conditions.
The increase in PAI-1 was proportionally higher in non-
inflamed tissue, but the tissue levels were still less than in
inflamed peritoneum, being four times greater in peri-
tonitis. This discrepancy might be caused by a greater
amount of tissue macrophages releasing PAI-1.26

Growth factors and cytokines that decrease the secre-
tion of tPA also tend to increase the secretion of PAI-1

from human mesothelial cells15.107,110 (Falk et al., in
manuscript), an increase that is transcriptionally regu-
lated.108 However, because transcriptionally regulated
processes require some time before the corresponding
protein is secreted, typically several hours, transcription-
ally regulation is unlikely to contribute to the intraopera-
tive changes in protein expression. Indeed, an in vitro
study showed that a transcriptionally regulated increase
in PAI-1 from mesothelial cells might require consider-
able time, because increased PAI-1 m-RNA concentra-
tions was not observed until after 12 hours.108 How the
intraoperative change in PAI-1 expression is regulated
and what are the key players thus remains to be deter-
mined, especially in patients without preexisting peri-
tonitis.

uPA

Contradictory to the decline in tPA activity, there was a
1.5-fold increase in uPA in noninflamed tissue during
surgery; this was not observed in samples from patients
with peritonitis. It may be that the expression of uPA was
already increased in inflamed tissue and the potential
for further expression exhausted. uPA has been demon-
strated to be produced by a variety of cell types including
mesothelium,?23 fibroblasts,52 and macrophages.111 Typi-
cally, uPA has been associated more with tissue remodel-
ing than fibrin degradation.! tPA is much more fibrin
specific than uPA27 and is the main PA in peritoneum.22
It therefore seems reasonable to assume that tPA expres-
sion has a greater impact on fibrin degradation in the
peritoneal cavity than uPA. On the other hand, fibrin
deposits in tissues have been observed to correlate with
the expression of uPA.43 Because of this, the lack of per-
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operative increase of uPA in inflamed peritoneum may
contribute to the propensity to form adhesions.

Differential Expression of the
Plasmin System in Inflammation

The PAA of human peritoneum has been found to be re-
duced during inflammatory conditions,17.18,22 a reduc-
tion that has been attributed to the presence of PAI-118
and PAI-2,20 as concluded from tissue extracts from in-
flamed appendices. Gene expression for PAI-1 was de-
tected in the mesothelium and the submesothelial capil-
lary endothelium.19

Immunohistochemistry of noninflamed and inflamed
human peritoneum showed that the increase of PAI-1 in
peritonitis was primarily caused by an increased protein
expression in the submesothelial matrix, where it partly
colocalized with macrophages.23 Another cell type that
might contribute to PAI-1 production submesothelially is
fibroblasts.52 The seemingly divergent results when in-
vestigating PAI-1 gene and protein expression might be
explained by that PAI-1 gene expression was transitional
in the inflammatory process and not present at the time
of sampling, although the resulting protein was. This no-
tion is supported by the observation that PAI-1 is known
to be stored extracellularly in conjunction with vitro-
nectin.63,64

In a recent study using a refined extraction technique
comparing the expression of components of the plasmin
system in peritoneum during surgery, previous observa-
tions were confirmed and extended. The tPA activity was
reduced in inflamed peritoneum, in part caused by an
overexpression of active PAI-1 that resulted in a quench-
ing of tPA. The intraoperative changes in the perito-
neum were similar but attenuated in peritonitis, possibly
reflecting that the inflammation had partly exhausted or
was counteracting the mechanisms involved. There was
no significant correlation between peritoneal expression
and concentrations in peripheral blood.26

Tissue Markers of the Propensity to
Develop Adhesions

It is well documented that almost all patients form adhe-
sions after an abdominal or pelvic operation. To some
extent, the adhesion formation is related to the magni-
tude of the previous surgery. A postmortem study investi-
gating the relationship between surgery and adhesion
formation showed that the incidence of adhesions after
minor, major, and multiple operations was 51%, 72%,
and 93%, respectively.112 A more recent multicenter
study investigating adhesion development after previous
laparotomies confirmed that the more extensive the pre-
vious surgery, the more adhesions developed.113
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Clinically, it is well known that the propensity to form
adhesions varies greatly among patients. Following seem-
ingly equivalent operative procedures, some patients
develop extensive, dense, fibrous adhesions tethering
organs, whereas some have limited, filmy adhesions,
mainly to the site of the previous surgery as assessed at
relaparotomy or laparoscopy. Although many intraoper-
ative factors might influence the development of adhe-
sions, it thus appears that there is an inborn variability in
the predilection to form adhesions. Because of the previ-
ously demonstrated reduced peritoneal fibrinolytic ca-
pacity in conditions associated with the development of
adhesions (surgery, peritonitis), it was hypothesized that
reduced peritoneal fibrin degradation capacity might be
a significant pathogenetic factor in those who developed
extensive adhesions.

To address this possibility, 21 patients who had previ-
ously undergone abdominal surgery were investi-
gated.114 At a scheduled subsequent laparotomy for a
clinical reason, peritoneal samples were taken and adhe-
sion development assessed. Thirteen patients were cate-
gorized as having moderate adhesions, and 8 formed se-
vere adhesions, of whom 3 had previously had been
operated because of bowel obstruction resulting from
adhesions. Men and women were equally distributed in
the groups. Although the peritoneal tPA activity in pa-
tients with severe adhesions was about 70% of that of the
peritoneal tPA activity of those who had moderate adhe-
sions in the beginning of surgery and 35% at the conclu-
sion of surgery, these differences did not reach statistical
significance (p = 0.18 and p = 0.07, respectively). Peri-
toneal uPA tended to be higher in severe adhesion form-
ers both at the beginning and at the conclusion of
surgery, but these differences also were not statistically
significant (p = 0.3 and p = 0.08, respectively) (Fig. 8.5).

In contrast, the peritoneal concentration of PAI-1 was
more than 10 fold higher (p = 0.009) in severe adhesion
formers at the beginning and almost twice as high
(p = 0.04) at the end of the abdominal procedure. If the
PAI-1 present was in its active form, this result indicates
that once tPA was released it would be quenched, by
PAI-1 inhibiting the generation of plasmin and fibrin
clearing. That this actually occurred in peritoneum is ev-
ident from the determinations of tPA-PAI-1 complex.
In peritoneum from severe adhesion formers, the tPA-
PAI-1 complex was 3 fold higher as soon as the abdomen
was opened (p = 0.008), and remained at that level at
abdominal closure (p = 0.01), compared to patients who
had formed moderate adhesions (Fig. 8.6). None of the
patients with less severe adhesion formation had a PAI-1
level exceeding 60 ng/g, whereas the majority of those
with severe adhesions did have such a level. If the cutoff
level was set to 60 ng/g tissue, thus most of those with a
greater propensity to form adhesions would be identi-
fied. Systemically, there were no significant differences
between the patient groups. Peripheral blood samples
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thus seem not to be useful in identifying patients at high
risk for severe adhesions.

Additional support for the concept that components
of the plasmin system could be used as tissue markers of
the tendency to form adhesions was gained from investi-
gations on adhesion tissue. Adhesions, once divided, typ-
ically reform.115 This reformation is of clinical impor-
tance, not only in reproductive surgery but also in
abdominal surgery with a high frequency of recurrence
of bowel obstruction once lysis of the bowel because of
adhesive obstruction has been performed.116 Therefore,
adhesions seem to represent a tissue exhibiting a high
predilection to develop adhesions. Similar investigations
were therefore carried out using adhesion tissue and the
tissue concentrations were compared with adjacent, un-
affected peritoneum from the same patients (n = 10).
Similar to the results obtained comparing patients with a
varying propensity to form adhesions,!14 the tPA activity
in adhesion tissue was less than 40% of that in adjacent
peritoneum (p = 0.005; Fig. 8.7). In contrast, uPA anti-
gen was more than fourfold higher in the adhesions
(p = 0.008; Fig. 8.8). PAI-1 was more than threefold

higher in adhesion tissue (p = 0.01; Fig. 8.9), and the in-
creased PAI-1 expression had resulted in more than
tripled levels of tPA-PAI complex in adhesions com-
pared with peritoneal biopsies (p = 0.008), reflecting a
quenching of tPA (Fig. 8.10). Furthermore, it showed
that PAI-1 was in its active form.

PAI-1 is an unusual molecule in that it can adopt any
of four different forms: active, latent, substrate, or
cleaved.117 Depending on the antibody used, detection
of PAI-1 does not necessarily mean that the molecule is
capable of inhibiting tPA (i.e., in the active conforma-
tion). By measuring tPA-PAI-1 complex, it could be
demonstrated that PAI-1 was functionally active and pres-
ent at sites where tPA was available.

The peritoneum is an active organ, as deduced from
ultrastructural observations, immunohistochemistry, tis-
sue extraction, and cell culture experiments, expressing
or secreting a vast array of compounds,26,33,34,118-169
many of which are elevated systemically during diseases
affecting the abdominal cavity. It seems therefore rea-
sonable to assume that synthesis and release of com-
pounds from the mesothelium may have a profound im-
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FI1G. 8.7. Peritoneal expression of tPA activity compared
with adhesion tissue from the same patient. tPA activity
was significantly lower in adhesion tissue, demonstrating
a reduced capacity to degrade fibrin. (Redrawn from
Ivarsson et al.114)

FIG. 8.8. Peritoneal expression of uPA compared with ad-
hesion tissue from the same patient. uPA expression was
significantly higher in adhesion tissue, probably reflect-
ing a comparatively higher density of macrophages and
ongoing tissue remodeling. (Redrawn from Ivarsson et
al.114)

F1G. 8.9. Peritoneal expression of PAI-1 compared with
adhesion tissue from the same patient. PAI-1 expression
was significantly higher in adhesion tissue, indicating
that the decline in fibrin degradation capacity in adhe-
sion tissue was, at least in part, caused by an overexpres-
sion in PAI-1. (Redrawn from Ivarsson et al.114)
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F1G. 8.10. Peritoneal expression of tPA-PAI complex
compared with adhesion tissue from the same patient.
The inactive complex was elevated in adhesion tissue,
reflecting a quenching of the main peritoneal plas-
minogen activator tPA by PAI-1. (Redrawn from Ivars-
son et al.114)
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pact, not only on abdominal adhesion formation, but on

the

entire organism, and that the significance of this is

grossly underestimated.
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The aim of this chapter is to examine our current knowl-
edge of peritoneal fibrinolysis. The fibrinolytic activity of
the normal peritoneum and the changes that occur fol-
lowing peritoneal injury are described. These changes are
believed to be of pivotal importance in the pathogenesis
of intraperitoneal adhesion formation. Many biologic sys-
tems are involved in the response of the peritoneum to in-
jury in addition to fibrinolysis, for example, the coagula-
tion system and acute inflammatory mechanisms. Some of
these systems are discussed elsewhere in this volume, in-
cluding the processes underlying peritoneal tissue repair
(Chapters 1 and 4), the cytokine response to peritoneal
injury (Chapter 5), and the action of growth factors in
peritoneal wound repair (Chapter 3).

The Pathology of
Adhesion Formation

Adhesions are deposits of fibrous tissue that occur in
many sites including the peritoneal, pericardial, and
pleural cavities. Although they may occasionally be con-
genital in origin, adhesions are usually the result of in-
jury to the lining membrane of such cavities. John
Hunter was probably one of the first to study the patho-
genesis of adhesion formation when he noted the early
development of a fibrinous peritoneal deposit following
inflammation.1 This was later identified as fibrin follow-
ing the development of specific histologic staining tech-
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TABLE 9.1. Causes of intraperitoneal adhesions

Operative injury

Bacterial peritonitis

Radiotherapy

Visceral ischemia

Foreign bodies reactions, e.g., starch, talc
Chemical peritonitis

niques.23 At the beginning of the twentieth century,
Hertzler4 clearly described the pathologic progression
from injury to fibrinous exudate followed by gradual
conversion into fibrous tissue by 3 or 4 days. These and
later studies have confirmed the pathophysiologic pro-
gression from peritoneal injury to tissue inflammation
with its associated inflammatory exudate leading to de-
position of fibrin and the formation of fibrinous adhe-
sions. These fibrinous adhesions then become orga-
nized, and the resultant fibroblast invasion leads to
collagen deposition. Collagen maturation then occurs
with the formation of permanent fibrous adhesions.

A large number of experimental models of adhesion
formation have been reported using different mecha-
nisms of peritoneal injury; these have included tissue is-
chemia, mechanical injury, bacterial peritonitis, and
chemical peritoneal injury.56 In modern clinical prac-
tice, iatrogenic operative injury to the peritoneum and
infective peritonitis are the common causes of intraperi-
toneal adhesion formation. Indeed, up to 90% of pa-
tients develop intraabdominal adhesions following lapa-
rotomy.78 There is however a wide range of recognized
causes of intraperitoneal adhesion formation (Table
9.1). Intraperitoneal adhesions are a major cause of mor-
bidity, being the most common cause of small-bowel ob-
struction,9-11 and a common cause of both primary and
secondary female infertility and pelvic pain.12,13

For many years it has been recognized that peritoneal
injury does not inevitably lead to the formation of per-
manent fibrous adhesions. Boys was one of the first to
describe the clearance of fibrin from the peritoneum,14
an observation subsequently confirmed by Jackson who

Peritoneal Injury

Y

Fibrinous Adhesions

VN

Lysed Organized
Resolution Adhesion
Formation

F1G. 9.1. The pathway to adhesion formation.
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observed that the majority of experimental fibrinous ad-
hesions were absorbed by 48 to 96 hours after injury.15
Thus, it has long been recognized that lysis of intraperi-
toneal fibrinous deposits may occur and that this process
is important in the prevention of permanent adhesion
formation (Fig. 9.1).

The Fibrinolytic System

The first description of fibrinolysis in tissues arose from
the pioneering tissue culture experiments of Fleischer
and Loeb.16 Three lines of investigation—the fibri-
nolytic activity of cultures of hemolytic streptococci, the
proteolytic activity of blood, and the spontaneous lysis of
clotted blood!17-19—Iled to the gradual identification of
individual fibrinolytic system mediators.20-22 Our cur-
rent concept of the fibrinolytic system is shown in Fig.
9.2. There is a complicated interplay between activators
and inhibitors of this system, and the important media-
tors vary considerably at different biologic sites.

Plasminogen and Plasmin

The final common pathway of the fibrinolytic system is
the formation of plasmin, which is a fully active serine
protease formed by the action of plasminogen activators
on its zymogen precursor, plasminogen. Activation con-
verts inactive single-chain plasminogen into an active
two-chain disulfide-linked protease, the main role of
which is the degradation of fibrin. Plasmin is also active
on other susceptible circulating proteins including fi-
brinogen, clotting factors V and VIII, and platelet mem-
brane receptors.23.2¢ Plasmin is weakly inhibited by
alpha-2-antiplasmin, which acts by the formation of an
inactive one-to-one stoichiometric complex.23.25

t-PA
plasminogen activators u-PA
PAI-1
)
Q_—_: plasminogen activator g:}_;
inhibitors Protease
nexin

PLASMINOGEN — PLASMIN

q_—_‘—‘—_‘_— alpha-2-antiplasmin

»  FIBRIN DEGRADATION

FIBRIN PRODUCTS

F1G. 9.2. Schematic representation of the fibrinolytic system.
tPA, tissue plasminogen activator; uPA, urokinase; PAI, plas-
minogen activator inhibitor.
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Tissue Plasminogen Activator

Human tissue plasminogen activator (tPA) was first iso-
lated from uterine tissue.26 It exists in both single- and
double-chain forms, the two-chain structure being
formed by proteolytic cleavage of the single-chain mole-
cule.27 Tissue plasminogen activator is present in many
human tissues and body fluids, including the thyroid,
kidney, heart, uterus, prostate, blood, semen, saliva, and
tears.28

Urokinase

Urokinase (uPA) was first isolated from human urine29
but has since been isolated from a number of tissues in-
cluding the kidney, lung, placenta, bladder, epidermal
cells, fibroblasts, and monocyte-macrophages.23.30 Uro-
kinase is synthesized in a single-chain form that has very
limited capacity to activate plasminogen.24 Limited cleav-
age by plasmin itself converts the single-chain urokinase
into a two-chain disulfide form that activates plasmino-
gen approximately 1000 times faster than its single-chain
precursor.23

Plasminogen Activator Inhibitors

Plasminogen activator inhibitor-1 (PAI-1) is a glycopro-
tein first isolated from cultured human endothelial and
rat hepatoma cells.31-33 PAI-1 is a member of the serpin
superfamily and has been detected in the alpha granules
of human platelets, in human plasma and smooth mus-
cle cells.32.34,35 PAI-1 is a powerful inhibitor of both tissue
plasminogen activator and urokinase.31.36

Plasminogen activator inhibitor-2 (PAI-2) was first iso-
lated from human placenta3” and is also a member of
the serpin superfamily.38 PAI-2 has been localized to the
trophoblastic epithelium of the placenta,3® amniotic
fluid,40 plasma of pregnant women,4l and leukocytes,
principally of the mononuclear type.42-44 PAI-2 avidly in-
hibits urokinase and inhibits tissue plasminogen activa-
tor with a marginally slower reaction rate.42:45 PAI-2 re-
acts with both plasminogen activators at a slower rate
than PAI-1.42

Protease nexin has been found in human fibroblasts
and possesses a broad spectrum of activity inhibiting
uPA, tPA, thrombin, trypsin, plasmin, and factor Xa.46.47
Plasminogen activator inhibitor-3 (PAI-3), which was
originally identified from human urine,8 and acts by in-
hibiting two-chain urokinase.49

Regulation of Fibrinolysis

Fibrinolytic activity is regulated both at the cellular level
and by complex interactions between individual fibri-
nolytic system mediators. The rate of cellular synthesis
and release of individual fibrinolytic components can
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be influenced by a variety of hormonal, physiologic,
and neural stimuli.25 Tissue plasminogen activator re-
lease from endothelial or granulosa cell lines in culture
can be stimulated by thrombin, histamine, butyrate,
follicle-stimulating hormone, and gonadotrophin-
releasing hormone.50-5¢ A variety of other stimuli, in-
cluding venostasis, exercise, infusions of vasoactive drugs
including vasopressin analog, and anabolic steroids,55-58
are known to increase plasma concentrations of tissue
plasminogen activator.

Plasminogen activator inhibitor-1 production synthesis
or release has been stimulated in endothelial cell culture
by dexamethasone, thrombin, endotoxin, interleukin-1,
and tissue necrosis factor.59-62 PAI-1 appears to be an
acute-phase reactant protein.63,64 Plasminogen activator
inhibitor-2 synthesis or release has also been stimulated in
vitro by endotoxin and tumor necrosis factor (TNF).65,66

At the local level, fibrinolysis is regulated in part by the
fibrin enhancement of plasminogen activation and in
part by the rapid inactivation of both plasmin and tissue
plasminogen activator by their specific inhibitors. Plas-
minogen is preferentially activated by tissue plasmino-
gen activator upon the surface of fibrin, tPA binding to a
fibrin at a specific receptor,67 which leads to the expo-
sure of a strong plasminogen-binding site on the surface
of the fibrin molecule.68,69 In this way plasminogen acti-
vation is markedly potentiated (up to 1000 fold) in the
presence of fibrin, and the fibrin-bound plasmin is pro-
tected against inhibition by alpha-2-antiplasmin.69 Fol-
lowing lysis of fibrin, both plasmin and tPA are released
and then rapidly bound by their respective inhibitors, ef-
fectively confining the activation of plasmin to the sur-
face of fibrin.

Peritoneal Fibrinolysis

Early Studies

Although Boys!4 and Jackson.15 both recognized that fi-
brinous adhesions may resolve rather than progress to fi-
brous adhesions, it was probably Benzer70 who first rec-
ognized that the peritoneum itself possessed fibrinolytic
activity. Myhre-Jensen et al. confirmed this finding in a
variety of animal models and also demonstrated the exis-
tence of interspecies variation.’! At about the same time,
plasminogen-activating activity was first described in
human mesothelium.7”2 Whitaker and coworkers first
demonstrated fibrinolytic activity in a cellfree prepara-
tion of peritoneal fluid from the rat using the fibrin
plate technique.’8 Pattinson and colleagues’4 demon-
strated the presence of both plasminogen and plasmin—
antiplasmin complexes together with a high concentra-
tion of fibrinogen degredation products in peritoneal
fluid obtained from women undergoing investigation for
infertility. More recent studies have demonstrated the
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presence of plasminogen-activating activity in the pelvic
fluid of both women and rabbits.75,76

Localization of Peritoneal
Plasminogen-Activating Activity

A number of techniques have been used in an attempt to
localize peritoneal plasminogen-activating activity.
Porter and colleagues used the fibrin slide technique,
which demonstrated activity in human peritoneal tissue
related to submesothelial blood vessels and subsequently
along the mesothelial border.?7 Using Hautchen prepa-
rations of rat peritoneum, Raftery localized plasminogen-
activating activity to the mesothelium.78-80 These find-
ings were subsequently confirmed by other workers.73,81,82
Biopsied material from human peritoneum obtained
at the time of operation has been shown to possess
plasminogen-activating activity.8384 Although there is
considerable variation in plasminogen-activating activity
between biopsies from different patients, similar levels of
plasminogen-activating activity have been found in both
visceral and parietal biopsies taken from a number of ab-
dominal sites.83

Characterization of Peritoneal
Fibrinolytic Mediators

Moore and colleagues first proposed that tissue plas-
minogen activator (tPA) was the primary mediator of
plasminogen-activating activity in the peritoneal cavity.85
Mayer and coworkers demonstrated that human perito-
neal tissue plasminogen-activating activity was markedly
suppressed by the addition of an antiserum raised against
human tissue plasminogen activator.86 Vipond and col-
leagues confirmed the inhibition of human peritoneal
plasminogen-activating activity by anti-tPA antibody,
whereas antiurokinase antibody had minimal effect.87
In addition, they quantified the concentration of tPA

erem’ ompson
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within peritoneal tissue and showed that this correlated
well with overall plasminogen-activating activity. These
and subsequent studies have confirmed that tPA is the
principal physiologic plasminogen activator in human
peritoneal tissue.87.88

The presence of an inhibitor of fibrinolysis was first
described by Pugatch and Poole,89 who postulated that
the presence of an inhibitor might explain the marked
interspecies variation in plasminogen-activating activity
previously demonstrated.”! Buckman and colleagues
noted a reduction in plasminogen-activating activity of
the peritoneum surrounding an experimental free peri-
toneal graft.90 van Hinsburgh and coworkers reported
that human omental mesothelial cells in culture could
produce plasminogen activator inhibitor-1 and -2 in ad-
dition to tissue plasminogen activator.65 Plasminogen ac-
tivator inhibitors have been either not detectable or
found to be present in very low concentrations in nor-
mal human peritoneal tissue.87.91,92

Effect of Peritoneal Injury or
Inflammation on Fibrinolytic Activity

A number of workers have suggested that loss of perito-
neal fibrinolytic activity might be important in the de-
velopment of permanent fibrous adhesions.71,7293
Porter and colleagues demonstrated that both mechan-
ical abrasion and chemical injury reduce peritoneal
plasminogen-activating activity in dogs.”2 Since then, a
number of studies have confirmed this finding both in
experimental models and in man; some of these are
listed in Table 9.2.6.72,83,94-98 Different mechanisms of
peritoneal injury all appear to lead to a reduction in
peritoneal plasminogen-activating activity, which is re-
garded as central to the pathogenesis of adhesion forma-
tion. Marked reduction in plasminogen-activating activ-
ity has been seen experimentally in rats when a free
peritoneal graft has been studied,%0.98 whereas raw, un-

TABLE 9.2. Studies of peritoneal plasminogen-activating activity following injury

Magnitude of reduction in

Study Species Type of injury peritoneal plasminogen-activating activity
Porter et al. 196972 Dog i. Mechanical i. 25%

ii. Chemical ii. 45%-100%
Gervin et al. 197394 Dog Mechanical abrasion 20%-100%
Ryan et al. 19739% Rat Drying 100%
Buckman et al. 197696 Rat i. Mechanical abrasion i. 40%

ii. Ischemia ii. 60%
Hau et al. 197997 Dog Peritonitis (ischemic loop of small bowel) 100%
Raftery 198180 Rat i. Diathermy i. 100%

ii. Ischemia ii. 90%
Thompson et al. 198983 Human Appendicitis 69%
Vipond et al. 19946 Rat i. Ischemia 60%-100%

ii. Chemical injury

iii. Bacterial peritonitis




9. Peritoneal Fibrinolysis and Adhesion Formation

covered peritoneal defects (at least in this experimental
model) contained significantly more fibrinolytic activity.
These experimental results are consistent with Ellis’
view99 that peritoneal defects should not be closed under
tension. Although it is difficult to directly relate reduc-
tion in peritoneal plasminogen-activating activity to sub-
sequent fibrous adhesion formation, a number of exper-
imental studies have demonstrated good correlation
between the reduction in peritoneal fibrinolytic activity
produced by a particular injury and the degree of adhe-
sion formation associated with the same experimental
injury.6,90,94,96,98

A number of studies have examined the time course of
the reduced plasminogen-activating activity associated
with peritoneal injury. Studies of sequential biopsies
taken during prolonged open operation have demon-
strated reductions in plasminogen-activating activity of
the peritoneal tissue during surgery, which appears to be
largely related to reduced concentrations of tissue plas-
minogen activator rather than the presence of detectable
plasminogen activator inhibitors.84100 Experimental stud-
ies have demonstrated a reduction in plasminogen-
activating activity for up to 24 hours after peritoneal in-
jury, but following this period a rebound increase in
peritoneal fibrinolytic activity has been observed by a
number of investigators.6.79,90,9597 Studies of postopera-
tive peritoneal drain fluid have shown a progressive re-
duction in plasminogen-activating activity, in the first
few hours following operation, to undetectable levels of
activity, followed by complete loss of fibrinolytic activity
up to 72 hours after operation.101 In clinical practice, the
duration of reduced peritoneal plasminogen-activating
activity will depend on the nature and degree of perito-
neal injury and whether the injury is ongoing, such as
seen in patients with bacterial peritonitis or foreign-body
deposition, or limited, for example, operative injury.
Experimental studies suggest that a period of 4 to 5 days
is required before fibrinous adhesions undergo irre-
versible organization, and there are sound reasons for
believing that the time course in patients is similar.

Mechanism of Reduced Peritoneal
Plasminogen-Activating Activity
Following Injury

Some workers initially attributed the reduction in fibri-
nolytic activity to the loss of mesothelial cells from the
peritoneal surface, but subsequent studies have shown
that the production and release of plasminogen activator
inhibitors is the major factor in the loss of peritoneal fi-
brinolytic activity. An improved understanding of the
fibrinolytic system and development of specific media-
tor assays allowed a number of groups to demonstrate
that the reduced plasminogen-activating activity seen in
peritonitis and following peritoneal injury is related to
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the production and release of plasminogen activator in-
hibitors.848791 Both plasminogen activator inhibitor-1
and -2 have been found in high concentrations in biop-
sies taken from inflamed human peritoneum, and these
inhibitors reduce and subsequently abolish all peritoneal
fibrinolytic activity. The same phenomenon can be ob-
served in postoperative peritoneal fluid10l where the
changes in plasminogen-activating activity and PAI-1 and
PAI-2 concentrations are shown (Figs. 9.3 through 9.5).
Antigenic assays of extracts of inflamed peritoneal tissue
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inhibitor-1 (PAI-1) concentrations.
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show detectable levels of tissue plasminogen activator
but low or undetectable plasminogen-activating activity,
because tPA activity has been completely abolished by
plasminogen activator inhibitors.84.87,91

Localization of Plasminogen Activator
Inhibitor Production

Both immunohistochemistry and messenger RNA in situ
hybridization techniques have been used to localize the
cellular site of both plasminogen activators and inhibitors
in peritoneal tissue.92.102,103 Whawell and coworkers have
localized plasminogen activator inhibitor-1 production
to the mesothelium and the endothelial cells lining sub-
mesothelial blood vessels in inflamed human perito-
neum using mRNA in situ hybridization.102 Using a simi-
lar technique, they also localized plasminogen activator
inhibitor-2 to the mesothelium and to monocytes within
the submesothelial tissues.103 Examples of the studies are
shown in Figs. 9.6 and 9.7. Holmdahl and colleagues
have used immunohistochemistry to localize tissue plas-
minogen activator to normal human mesothelium and
subserosal capillary walls, this localization being lost in
inflamed tissue.92 Plasminogen activator inhibitor-1 im-
munoreactivity was detectable in normal mesothelium
but substantially increased in inflammation, when it was
also seen throughout the submesothelial tissue and lo-
calized to macrophage cells. These morphologic obser-
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FIG. 9.6. Plasminogen activator inhibitor-1 production local-
ized to mesothelial (small arrows) and submesothelial endothe-
lial (large arrows) cells in inflamed human peritoneum using
mRNA in situ hybridization. Please see insert for color reproduction

of this figure.

vations are supported by the finding that cultures of hu-
man omental mesothelial cells and a human mesothelial
cell line produce both tissue plasminogen activator and
plasminogen activator inhibitors.65,104,105

Role of Proinflammatory Cytokines in the
Peritoneal Production of Plasminogen
Activator Inhibitors

The association between inflamed peritoneum and the
production of plasminogen activator inhibitor-1 and -2
with resultant loss in fibrinolytic activity suggests that the
inflammatory process results in stimulation of PAI-1 and
PAI-2 production. The role of cytokines in peritoneal in-
flammation is discussed in Chapter 5. High levels of
proinflammatory cytokines are found in inflamed perito-
neal tissue,106107 and the concentration seen in perito-

FIG. 9.7. Plasminogen activator inhibitor-2 production local-
ized to mesothelial cells (arrowed) on the surface of an in-
flamed appendix using mRNA in situ hybridization. Please see
insert for color reproduction of this figure.
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neal tissue are several hundredfold higher than those in
the plasma, as would be expected because of the pre-
dominantly paracrine nature of their activity.106 Studies
of mesothelial cells derived either from human omen-
tum or from a human mesothelial cell line have demon-
strated that the inflammatory cytokines tumor necrosis
factor-alpha (TNF-a), interleukin-1, interleukin-6, and
transforming growth factor-beta (TGF-B), together with
lipopolysaccharide (endotoxin), all resulted in increased
plasminogen activator inhibitor-1 release.104,105,108,109
Whawell and colleagues!04 showed that the proinflam-
matory cytokines TNF-, interleukin-1, and interleukin-6
both individually and synergistically stimulated mesothe-
lial cell PAI-1 production in vitro. Studies of postopera-
tive peritoneal fluid have shown that the time course of
peritoneal cytokine production is in keeping with their
de novo stimulation of plasminogen activator inhibitor
production and release (Fig. 9.8). These observations
strongly support the hypothesis that proinflammatory cy-
tokines directly stimulate mesothelial cells to synthesize
and release plasminogen activator inhibitors.

Adhesion Prevention Using
Fibrinolytic Enhancement

The observation that decreased peritoneal fibrinolytic
activity may well be of prime importance in the develop-
ment of permanent fibrous adhesions stimulated a
number of workers to attempt adhesion prevention by
fibrinolytic enhancements. Early studies used either
streptokinase or plasmin, with conflicting experimental
results.110-115 Rivkind and colleagues were unable to
demonstrate any benefit from urokinase in a rat model
of adhesion formation.116 The availability of recombi-
nant tissue plasminogen activator resulted in a number
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F1G. 9.8. Time course of postoperative peritoneal fluid tumor
necrosis factor-a (TNF, solid circles) and plasminogen activator
inhibitor-1 (PAI-1, open circles) concentrations.
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of experimental studies of its effect on adhesion forma-
tion. These models either have used intraperitoneal per-
fusion of tPA117.118 or have incorporated tPA into a gel
with resultant delayed release and absorption.119-121
These approaches have been used because tPA is rapidly
absorbed from the peritoneal cavity, and a prolonged en-
hancement of fibrinolysis over a period of several days is
likely to be required for effective adhesion prevention.
Most of these studies have shown significant reductions
in experimental adhesion formation, without significant
intraperitoneal hemorrhage or obvious impairment of
wound healing.117-121 Despite these encouraging experi-
mental studies, very little information on the use of tPA
in patients to prevent adhesion formation is currently
available.

Summary

The peritoneum possesses plasminogen-activating activ-
ity that acts to prevent the deposition of fibrin within the
peritoneal cavity. Peritoneal inflammation leads to loss
of this activity and allows the deposition of fibrin to oc-
cur within the inflammatory peritoneal exudate. This
fibrin deposition results in fibrinous adhesions between
viscera and to the parietal peritoneum. Prolonged de-
pression of peritoneal fibrinolysis permits organization
of these fibrinous adhesions into permanent fibrous
structures. In this way, the fibrinolytic activity of the peri-
toneum is of pivotal importance in the development of
fibrous adhesions.

The plasminogen-activating activity of human perito-
neum is largely mediated through tissue plasminogen ac-
tivator. Peritoneal inflammation results in the produc-
tion and release of plasminogen activator inhibitors, the
synthesis and release of which appear to be stimulated by
proinflammatory cytokines. Modification of this patho-
physiologic sequence either by reduction of inflamma-
tion or by enhancement of peritoneal fibrinolytic activity
may provide a sound basis for future attempts at adhe-
sion prevention.
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The technique of laparoscopic myomectomy (LM) ap-
peared only recently, with the first cases being described
for subserous myomas in the 1980s.1.2 Since the begin-
ning of the 1990s, several teams have reported their ex-
perience with LM for interstitial myomas.3-6 Although
there has been some hesitation on the part of many sur-
geons, LM has gradually come into more widespread
use. The large number of studies addressing the subject
show that the technique has reached maturity.4-2¢ LM
has been the subject of several prospective randomized
studies.14.2526 One of these studies compared the LM
technique with laparotomy.

In our center we have acquired considerable experi-
ence with this technique, as we carried out 373 LM be-
tween March 1989 and July 1998. The purpose of this
chapter, therefore, is to focus on the operative tech-
nique and describe the advantages, limitations, and risks
involved.

Procedures for Myomectomy
Using Laparoscopy

Four different myomectomy procedures using laparos-
copy can be described: intraperitoneal myomectomy,
laparoscopy-assisted myomectomy (LAM), laparo-
conversion, and diagnostic laparoscopy.
Intraperitoneal myomectomy

All phases of the myomectomy are carried out by lapa-
roscopy (hysterotomy, enucleation, and suture of the
hysterotomy).

Laparoscopic-Assisted Myomectomy

In 1994, Nezhat et al.27 defined a myomectomy proce-
dure that is midway between laparotomy and laparos-
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copy: LAM. In the initial description by this author, lapa-
roscopy was used solely to treat any associated lesions
(adhesions) and to facilitate the exposure of the my-
oma(s). Enucleation, extraction, and suture of the hys-
terotomy were carried out by minilaparotomy. Our
method of myomectomy assisted by laparoscopy (partial
LAM) is a little different, consisting of carrying out only
the hysterotomy suture and the extraction of the myoma
through the minilaparotomy, with hysterotomy and enu-
cleation of all the myomas achieved totally by laparos-

copy.

Laparo-Conversion

In the category of laparo-conversion, we include all op-
erations in which recourse to laparotomy is required
when the initial phase of myomectomy had been started
by laparoscopy. Conversion may be needed because of
technical difficulties (difficulties in dissecting the my-
oma or in achieving hemostasis), or complications con-
nected with the myomectomy (hemorrhage) or not con-
nected (anesthesia complication; hypercapnia, for
example).

Diagnostic Laparoscopy

We include under diagnostic laparoscopy all myomec-
tomies that use laparoscopy to assess the characteristics
of the myomas and to decide whether laparoscopic my-
omectomy is feasible, but for which none of the opera-
tive steps for the actual myomectomy is carried out by
laparoscopy. We also include under this name all proce-
dures carried out by laparoscopy and aimed at allowing
satisfactory exploration of the pelvis and myomas (adhe-
siolysis).

By “laparoscopic myomectomy,” we mean all myomec-
tomy procedures for which at least the first step for my-
omectomy was started by laparoscopy. The term thus
covers all laparo-conversions, intraperitoneal myomec-
tomies, and LAM. In our work almost all LM are in fact
intraperitoneal myomectomies. Alternatives have been
proposed for LM, such as the use of pneumosuspen-
sion28 and myolysis techniques.29-31

Operative Technique

Principles

The LM technique we use in our institution32 comprises
four main phases, schematically speaking hysterotomy
and revelation of the myoma, enucleation, suture of the
myomectomy site, and extraction of the myoma. The
main difficulties with the operation, as with myomec-
tomy by laparotomy, are the risk of intraoperative hem-
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orrhage and the prevention of postoperative adhesions.
Use of the laparoscopic route for the myomectomy also
raises certain particular problems connected with this
approach; a bloodless enucleation of the myomas is ab-
solutely needed, and a perfect suture must be done to
obtain a good-quality scar.

The use of the LM technique, therefore, is based on
several basic principles:

1. The principles of microsurgery must be applied to
LM: avoidance of intraperitoneal contamination, use
of fine and atraumatic instruments, and gentle and
atraumatic manipulation of the uterus without grasp-
ing the pelvic organs (except the myoma itself).
These precautions make it possible to keep postopera-
tive adhesions to a minimum.

2. With LM each myoma must be excised via its own hys-
terotomy; it is not possible to apply the same tech-
nique as with myomectomy by laparotomy,33.3¢ that is,
removing all the myomas present on the uterus via a
longitudinal hysterotomy.

3. A distinct cleavage plane separates the myoma from
the adjacent myometrium. This cleavage plane is
bounded by a pseudocapsule made up of compressed
muscular fibers and diverted uterine vessels.35 Vascu-
larization of the myoma is plurifocal through the
cleavage plane by means of a mulltitude of small
nourishing vessels, and there is no true vascular pedi-
cle.36 Dissection must take place in every case along
this cleavage plane for two reasons: on the one hand,
preservation of healthy adjacent myometrium is one
of the conditions for obtaining a good-quality uterine
scar, and on the other, this also helps avoid damaging
the perimyomatous vessels, which are often distended
because of compression by the myoma.37 The large
veins may be the origin of considerable hemorrhage.
Another advantage with the laparoscopic approach is
that the small nourishing vessels can be viewed clearly,
thus permitting elective coagulation.

4. Electrocoagulation must be used as sparingly as possi-
ble to achieve hemostasis of the edges after myomec-
tomy. Certain cases of uterine rupture during preg-
nancy reported after LM43839 suggest that the use of
electrocoagulation may induce necrosis of the my-
ometrium, resulting in a postoperative fistula. Fur-
thermore, electrocoagulation is responsible for de-
layed healing,40 which could also adversely affect the
solidity of the myomectomy scar.

5. Suture of the hysterotomy must always respect a cer-
tain number of principles. Indeed, any technical defi-
ciency when carrying it out may result in uterine rup-
ture during a subsequent pregnancy.39 Apart from
pedunculated myomas or certain sessile subserous
myomas with a narrow implantation base, the my-
omectomy sites must always be sutured. In the experi-
ence of certain teams at the beginning, when no su-
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ture was carried out the resulting scars were fine or
dehiscent.441 The suture must always take up the full
depth of the edges of the hysterotomy and result in to-
tal contact over the whole of the myomectomy site so
as to avoid secondary constitution of a hematoma
deep inside the myometrium. This kind of hematoma
can cause weakness in the scar tissues and the consti-
tution of a secondary fistula.17.41 The uterine suture
does not necessarily have to use several planes, de-
spite the recommendation of certain authors.42.43 Su-
ture of the uterine serosa is unnecessary and could in-
crease the risk of postoperative adhesions.40,44,45
Sometimes it is necessary to make a suture in two or
three planes if the uterine cavity has been broached
or if the myomectomy site is very deep. It is possible to
make this type of suture in several planes by laparos-
copy.17.19,46 However, if this approach proves difficult
there should be no hesitation in using a minilapa-
rotomy to complete the procedure successfully.

Instrumentation

In addition to the standard instrumentation for any op-
erative laparoscopy, certain specific instruments are use-
ful when carrying out LM. Short curved monopolar scis-
sors enable incision of the myometrium and section of
the tracti between the myoma and myometrium. Other
instruments are useful when making the intra- or extra-
corporeal sutures needle holders, atraumatic forceps
with no slot nor claws, and a suture pusher. A strong
grasping forceps specifically for myomas (Museux for-
ceps type) means that efficient traction can be exerted
on the myoma.

Ideally, an electric morcellation device such at the
Steiner morcellator47 allows myomas larger than 4 cm to
be extracted by the suprapubic port. In our experience
this device proved easy to use after a certain learning
phase and has enabled us to reduce the duration of our
operations considerably. The relatively high cost of this
device is compensated by shorter operation times.48

Positioning

The patient lies in the following position: thighs spread
with abduction providing access to the vagina and but-
tocks protruding generously over the edge of the table to
allow manipulation of the uterus with an intrauterine
cannula. The main surgeon stands to the patient’s left,
with the first assistant opposite and the second assistant
between the patient’s legs. Injection of undiluted meth-
ylene blue into the uterine cavity at the beginning of the
operation makes it possible to see when dissection of
intramural myomas is coming close to the endometrium
and to know when the uterine cavity is broached during
the procedure. The uterus is then cannulated, enabling
it to be manipulated during the operation.
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Two 5-mm lateral trocars and one 10- to 12-mm mid-
line trocar are inserted in the suprapubic position. The
position of the trocars should be adapted whenever pos-
sible to the size and location of the myomas. Generally
speaking, the two lateral trocars should be placed rela-
tively high and outside the epigastric vessels so that good
accessibility is provided for myomas in various locations
and to ensure that the surgeon has sufficient scope for
movement when carrying out the sutures.

Incision of the Myometrium and
Myoma Exposure

The hysterotomy is direct, lined up with the myoma (Fig.
10.1). We place no importance on the direction in our
practice, and it may be either sagittal, oblique, or trans-
versal. We tend to use sagittal hysterotomies because they
are easier to suture. The myometrium is incised using
low-voltage monopolar current in section mode to safe-
guard the myometrium as much as possible. Hemostasis
of the intramyometrial vessels is carried out progressively
(and preventively, if possible) using monopolar or bi-
polar current. Identification of the avascular plane sur-
rounding the myoma is helped by the magnifying effect
of the laparoscopic images. The myoma is easy to recog-
nize by its smooth appearance and pearly-white color,
which contrasts with the adjacent myometrium. In addi-
tion the myoma is firm to the touch, in contrast to the
myometrium, and this can be felt via the laparoscopic in-
struments.

Enucleation

Dissection of the myoma should run inside the avascular
plane, leaving the pseudocapsule around the outside
and the uterine vessels pushed back (Fig. 10.2). Dissec-
tion is easier if the following maneuver is used: the my-

F1c. 10.1. Posterior intramural myoma: incision of the serosa
using monopolar scissors.
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F1G. 10.2. Atraumatic enucleation of the myoma.

oma is grasped with a strong grasping forceps (Museux
type) and pulled hard toward the anterior abdominal
wall or upward at the same time, the surgeon or his assis-
tant exerts traction in the opposite direction using the
endouterine cannula and by pushing on the edges of the
hysterotomy with an instrument. This dissection pro-
ceeds from the superficial areas inward, and always un-
der visual control to identify the fine tissue bands adher-
ing to the myoma. The tip of a blunt instrument is used
(curved scissors or bipolar forceps) to press against the
myoma. The bands adhering to the myoma are coagu-
lated (as close as possible to the myoma), then sec-
tioned.

Some authors recommend the use of “atraumatic” dis-
section instruments (harmonic scalpel, ultrasonically ac-
tivated laparosonic coagulating shears, aquadissector,
laser) (Fig. 10.3).21,49.50 The use of such instruments is
supposed to preserve the adjacent myometrium even
better. The ultrasonically activated laparosonic coagulat-
ing shears is reputed to make dissection of the myoma
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easier than with standard instruments.17 We have no ex-
perience with this instrument in our institution. The bed
of the myomectomy is most often free from hemorrhage
at the end of dissection if care has been taken to follow
the avascular cleavage plane, and thus there is no need
to take further steps for hemostasis.

Hysterotomy Suture

We use fine resorbable suture, diameter 00-gauge,
mounted on a curved needle with atraumatic tip (Vicryl,
Polyglactine 910;Ethicon, Neuilly, France). The suture is
usually carried out in a single plane (Fig. 10.4). We use
single, separate knots, tied in or outside the body. These
stitches go through the whole thickness of the edges of
the hysterotomy and through the uterine serosa. They
are placed sufficiently close for the edges to be approxi-
mated completely yet far enough apart to avoid making
the myometrium too fragile (Fig. 10.5).

When the myomectomy is located deeply, or the uter-
ine cavity has been opened, we suture along a deep
plane with a few single stitches deep in the myometrium,
and along a superficial plane taking in the serosa and
the superficial part of the myometrium. The superficial
plane can be handled using a running suture or with in-
dividual stitches. When suturing the deep plane, it can
sometimes be difficult to take the needle through the
thickness of the defect. In this case it can be an advan-
tage to use Vicryl 1 with a curved needle or a U-shaped
transfixing stitch, the “belt stitch,”4! running through
the uterine serosa and taking in the whole thickness of
the edges of the myomectomy. One or two of these
stitches are sufficient to ensure that all the deep part of
the hysterotomy is brought into contact. When the uter-
ine suture proves difficult to carry out, it is essential to
know when to stop and use a minilaparotomy for the su-
ture.

F1G. 10.3. The dissection is facilitated by traction using a grip  FIG. 10.4 The uterine suture is performed atraumatically using

forceps.

vicryl 2/0 sutures.
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F1G. 10.5. Final result of myomectomy.

Extraction of the Myoma

There are various methods possible for extraction: direct
extraction, standard intraabdominal morcellation, elec-
tric morcellation, extraction via posterior colpotomy
(Fig. 10.6), and extraction via minilaparotomy. Direct
suprapubic extraction is appropriate only for myomas
measuring less than 3 cm. Extraction takes place
through the midline suprapubic incision, which may be
enlarged if needed. It is important when using ports
larger than 10 mm to close the abdominal wall correctly
to avoid incisional hernias.5!1 Standard morcellation is
carried out either with the scissors or with scapels and is
appropriate for small myomas (less than 4 or 5 mm in di-
ameter). Electric morcellation uses the Steiner morcella-
tor.47 This device has proved easy to use and without dan-
ger, but the position of the blade in the device must be
under perfect control at all times to avoid any risk of
damaging any neighboring organs. Posterior colpotomy
also allows large myomas to be extracted.l5 Some au-

F1G. 10.6. Morcellation of the myoma using an electric morcel-
lator.

149

thors have suggested that postoperative adhesions involv-
ing the colpotomy scar are possible,6.17 but we ourselves
have not found any increase in this risk in our study on
adhesions after LM.4¢ Since the advent of the electric
morcellator, we almost never use a posterior colpotomy
to extract myomas.

Results of Laparoscopic
Myomectomy

Advantages

It is now accepted that the technique is both feasible and
reproducible, as can be seen from the many teams
who now use LM and have reported their experi-
ence.4-1416,17,20-24 Analysis of these series of LM to-
gether with the experience gained in our own institu-
tion52 enables us to state that this technique does not
involve a higher risk of perioperative or immediate post-
operative complications as compared with myomectomy
via laparotomy. Furthermore, two controlled studies sug-
gest that the risk of peroperative hemorrhage and the
risk of postoperative complications are reduced.9.53

From the cosmetic point of view, the absence of a scar
is very much appreciated by our patients. As for the func-
tional point of view, the fact that the patients are more
comfortable has been proved by a clinical trial: by using
LM there is less postoperative pain and the hospital stay
is shorter.14 LM could in particular reduce the risk of ad-
hesions after myomectomy. In our study on second look
after LM, we observed in the 45 patients who underwent
the check that there was a 36% rate of adhesions; if only
adhesions involving the adnexa were taken into account,
the rate was 24%.44 These rates are low in comparison
with those observed at second look after myomectomy
via laparotomy, which reach nearly 90% with nearly two-
thirds of the cases showing involvement of the ad-
nexa.54-57 Two controlled studies also suggest a lower
risk of adhesions after LM.753 This reduction in post-
operative adhesions presents a particular advantage
when the myomectomy is carried out in a context of in-
fertility because it could help improve the fertility of the
patients operated.

The results of LM relative to fertility have been as-
sessed.58 In our series of 91 infertile patients, we ob-
served a cumulative conception rate of 44% at 2 years.
This rate was 70% when no other factor was found for in-
fertility other than the myoma. These results are compa-
rable to those of the series of myomectomy via laparot-
omy, which in our opinion justifies preferential use of
the laparoscopic approach whenever the myomas are
medium-sized and few in number. However there has
been no randomized clinical trial to validate this pro-
posal.
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Limits and Risks

Laparoscopic myomectomy, in particular in the case of
interstitial myomas, is nevertheless a difficult technique
that requires surgeons highly experienced in laparo-
scopic surgery.3252 Moreover, it takes time, and the oper-
ations do seem to last longer than with laparotomy.53

We consider that the maximum size of myomas oper-
ated by LM should not exceed 8 cm and that no more
than three myomas should be removed in total.59 In
practice we do sometimes go beyond these limits, and
some teams have also reported carrying out LM for far
larger myomas, up to 16 cm.23 However, in using LM for
large myomas we run up against difficulties in obtaining
cleavage of the myomas for several reasons: the growth
of certain myomas results in reorganization of the my-
omatous tissues and neighboring myometrium, making
the attachments of the myomas more dense and difficult
to cleave; the depth of the site of the myoma hampers ac-
cess for the instruments and visibility of the tissues to be
dissected; the larger myomas have a more highly devel-
oped vascularization, which results in an increased risk
of perioperative hemorrhage; and finally, the time re-
quired for electric morcellation increases considerably
with the size of the myoma. When we first started, we
planned to use gonadotropin-releasing hormone (GnRH)
analogs preoperatively to reduce the size of the myomas
to be operated. This approach proved to be inefficient
because the tissue reorganization induced by the analogs
caused the cleavage plane around the myoma to become
less distinct.

To date, five cases of uterine rupture during preg-
nancy have been reported after LM, in particular one in
our institution.1638,39,60,61 These accidents raise the ques-
tion of the quality of the scars after LM, and some au-
thors27.62 consider that the laparoscopic route is not sat-
isfactory to make solid sutures of the myometrium in the
case of a deep defect.

We have several arguments to counter these criticisms:

1. Although experience with pregnancies after myomec-
tomy via laparotomy shows that uterine rupture is rare
(no case in the largest series published) 6364 observa-
tions of uterine rupture after laparotomy are never-
theless regularly reported in the literature.65-68 Cases
of rupture have also been reported after hysteros-
copy.69

2. At present there is no knowledge concerning the real
incidence of rupture after LM, because only the cases
themselves are reported. The incidence is probably
low; in our population, for example, we observed a
single case of rupture for 92 pregnancies after LM
(unpublished data).

3. There may be a publication bias connected with the
newness of the technique for LM that could explain
the number of cases reported in the literature during

Jean-Bernard Dubuisson, Arnaud Fauconnier, and Charles Chapron

a short period. In contrasting myomectomy via lapa-
rotomy, observations of uterine rupture are only
reported when the particular circumstances under
which they occur make them interesting enough to
publish.

4. It took a long time to arrive at a good suture technique
by laparoscopy, and at the beginning certain teams (in-
cluding ours) did not immediately apply certain prin-
ciples that have since become clear for making the
uterine sutures. Some authors did not systematically
suture the myomectomy sites¢ at the beginning of
their experience. In addition, our observation39 sug-
gests that electrocautery plays a part in the secondary
development of parietal necrosis, resulting in a fistula.

At the present time, although suturing by the intra-
peritoneal route remains a technically difficult tech-
nique requiring surgeons skilled in laparoscopic surgery,
we agree with other teamsl741 in considering that pro-
vided the technique is meticulous, the uterine suture can
be carried out satisfactorily by the purely laparoscopic
route. Nevertheless we remain vigilant, which is one of
the reasons why, when there is a desire for pregnancy, we
propose systematically to take a second look by laparos-
copy, which enables the appearance of the uterine scars
after LM to be assessed.

Conclusions

LM enables subserous and interstitial myomas to be
treated surgically using minimally invasive techniques.
Analysis of the ratio of advantages to risk for this opera-
tion as compared with the use of laparotomy for my-
omectomy pleads in favor of its use for medium-sized my-
omas (<8 cm) when few in number. LM appears to
present particular advantages when operating in a con-
text of infertility because it may reduce the risk of post-
operative adhesions. If good quality healing is to be
attained, the surgeons must be experienced in laparo-
scopic surgery techniques, and the principles for making
uterine sutures defined for myomectomy via laparotomy
must be applied.
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