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I. History of Wound Healing



Theory and Practice of Wound Healing in the Past

1. Muller

Treatment of Wounds in the Age of Homer

The problem of wound healing is presumably as old as mankind itself. As
virtually no other discipline, the development of traumatic surgery has
depended upon outside factors, particularly those of warfare technology and
material. The infinite military conflicts throughout human evolution have
presented abundant opportunities for testing the most varied of techniques.
A survey of the history of wound healing can be found in the classical
works by Gurlt (1898) and von Brunn (1928) and in those by Bardeleben
(1878), Bibbings (1986), Brunner (1916), Caldwell (1990), Churchill (1964;
1965), Cope (1958), Crissey and Parish (1984), Elliott (1964), Forrest (1982),
Gribel (1936), Kister (1915), Leibecke-Englisch (1979), Majno (1975),
Marchand (1901), Moerl (1968), Schadewaldt (1975), Schoenbauer (1948),
Stelzner (1969), Teubner (1973), Wangensteen and Sarah (1972), Whipple
(1963), and Wolzendorff (1879).

In his epic on the Trojan war Homer described a multitude of injuries
inflicted by arrows, lances, and swords, ranging from fractures, dislocations,
and damage to the scull cap and hip joint to perforation of the diaphragm.
Frolich (1879) counted a total of 147 injuries in the Iliad: 106 spear wounds
with deaths in 80%, 17 wounds from sword cuts with fatal consequences, 12
injuries from arrows with deaths in 42%, and 12 from catapults of which
66% were lethal. (See also Albarracin Teul6n 1971; Friedrich 1956; Korner
1929; Majno 1975, pp. 141-147; Schoenbauer 1948.) Because of the fre-
quency of such injuries in Homeric times the physician’s job then was
principally that of a surgeon (Kudlien 1967, p. 16). His activities concen-
trated on the removal of projectiles, cleaning wounds with lukewarm water,
and covering them with analgesic and hemostatic powder or ointment (lliad,
IV, 218; X1, 830). Occasionally a drink containing wine was given to soothe
the pain (lliad, XI, 639; XIV, 5), and in desperate cases warriors resorted
to magical practices and sought to arrest bleeding by exorcism (epodé)

Ruhr-Universitait Bochum, Abt. fur Geschichte der Medizin, Universititsstr. 150 MA1, 44801
Bochum, Germany
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4 I. Miiller

(Odyssey, XIX, 457) — a method of treatment that was widespread until late
in the Middle Ages, when it was practiced as wound blessing (Stuart and
Walla 1987; see the discussion of Guy de Chauliac, below). Apparently,
wound dressing was not common as it is mentioned by Homer in only two
passages (lliad, XIII, 599, from plaited sheep’s wool; Odyssey, XIX, 457,
without referring to the bandage material).

Wound Sutures in Egyptian Surgery

In ancient Egypt, however, injuries were not only dressed but in special
cases even closed with surgical sutures, as we know from the oldest pre-
served wound book of papyrus Edwin Smith. This textbook was written as
early as 1580 Bc and comprises 48 types of surgery of simple and com-
plicated injuries to the head, thorax, and spinal column. In the treatment of
wounds a suture is mentioned here for the first time in medical literature
(Westendorf 1966, p. 49). As an additional measure it recommends a dres-
sing with fresh meat, which was a standard feature of wound treatment in
ancient Egypt and may have derived from magical practices in the form of
a sympathetic remedy (see Buchheim 1958). Linen strips such as those used
by embalmers served as bandaging material proper, and the bandaging
technique, which reached a high level in ancient Egypt, probably benefited
from experiences with mummification.

Wound Healing in the Hippocratic Works

The collection of writings of Greek physicians, the Hippocratic works,
contains no reference to wound sutures or suture material, and their surgical
instrumentarium seems to have been extremely modest (Whipple 1963, p.
26; Gurlt 1897, vol. 1, pp. 246—293). Important in the later Hippocratics’
theory of wound healing was the distinction between the healing of wounds
with and without pus. According to their doctrine, simple gashes were to
be treated with dry products such as alum and copper salts to prevent the
formation of pus; for contusions, on the other hand, the formation of pus
was expressly desired, because “The contused and crushed soft tissue should
putrefy, become pus and dissolve, and new flesh particles spring up from it”
(Hippocrates 1839-1861, vol. 6 (Peri Helkon), p. 402).

Wounds were normally cleaned with wine and sealed with resin or pitch
plaster, and pure linen served as bandaging (vol. 6, pp. 401-403). The
fact that an entire, detailed chapter was devoted to bandaging techniques
indicates that the emphasis in wound treatment was placed on such knowl-
edge (vol. 3, pp. 262-337). Extensive instructions for cleanliness served the
prophylaxis of wound infection; that adverse incidents nevertheless occurred
is indicated by the demand of surgeons that they be experienced not only in
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the practice of wound healing but also in the diagnosis and therapy of such
complications as phlegmonous inflammations, erysipelas, gangrene, tetanus
and septicemia (Brunner 1916, p. 8; for examples see Gurlt 1898, vol. 1, pp.
251-293; see also statements relating to the qualification of a surgeon in
Hippocrates 1839-1961, vol. 6, p. 150).

Wound Healing Techniques of the Romans

A substantial innovation in wound healing technique, that of vascular liga-
tion, was introduced by the Romans. The first report of its use is by the
Roman encyclopedist Cornelius Celsus (25 Bc-50 Ac), who recommended
injuries of the great blood vessels to be treated with double ligature and
subsequent separation to achieve a contraction of vessels (Celsus 1915, book
V, chap. 26, 21-23; for the history of vessel ligature and wound suture
see Kraft 1970; Mackenzie 1973; Teubner 1973). According to Celsus, this
technique permitted among other things the extirpation of testicular tumors
(book VII, chap. 19). When vessel ligation failed, the use of branding irons
was also recommended to stop bleeding, but the use of caustics for scabbing
was rejected.

Sutures with a soft stitch (acia) were already in use for the rapid closure
of wounds, and gaping wounds were closed by a fibula after the wound had
been cleaned of blood clots (regarding the confusion caused by this term,
which was used to denote a stitched suture and not a clamp, see Benedum
1970). Subsequently the lesion was to be covered and kept moist by a
sponge soaked with vinegar, wine, or water.

Galen’s Contribution to Wound Surgery

Whereas Celsus used only strong thread for suturing, Galen, the Greek
physician practicing in Rome (second century ac) recommended the use of
silk and thin gut string, or chordae, as suturing material, which was easily
obtained in the ancient world because of its use in music instruments. Galen
stressed particularly that the suturing material should not decompose too
rapidly, i.e., that it be aseptos, as rapid dissolution of the ligature may cause
new hemorrhages (Galen 1822-1833, vol. 10, p. 942). Much later, in
the nineteenth century, the English surgeon John Lister rediscovered these
properties of the animal material. Galen considered these to be of special
benefit, and he therefore recommended carbolized catgut string as suturing
material because it could be treated antiseptically and was also resorbing
(Lister 1881; see Gibson 1990).

As physician to the gladiators Galen had experience of his own in the
practical treatment of wounds (on Galen’s contribution to surgery see Mani
1991; Toledo-Pereyra 1973). According to his concept, the technique for the
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arresting of bleeding consisted not only of local measures but also general
ones (see Mani 1991). Local arrest of bleeding was therefore always com-
bined with diverting the humors from the wound area to other body areas,
either by derivation, revulsion, astringent products, or the application of
cold (1823-1831, vol. 10, book V, chap. 3, pp. 313ff). The local treatment
proper was by compression with the finger (vol. 10, p. 317; see Majon 1975,
p. 404), ligation of the bleeding vessel (vol. 10, p. 317), bandage, or torsion
of the bleeding vessel by punching a hook through the artery wall and
cautious turning (vol. 10, pp. 318ff).

Galen recommended initial washing of the wound with wine after arrest-
ing of the bleeding and its closure with a suture after removal of the foreign
body. Although Galen had frequently observed that the wound healed
without pus formation, he later advocated the application of ointments and
pharmaceuticals to compensate for the loss in substance and to promote pus
formation and secondary wound healing. For such purposes he preferred a
mixture of aloe and incense, which was given a honeylike consistency by
adding egg white and mixed with fine rabbit hairs (vol. 10, p. 320).

Theory of Pusless and Pus-Forming Healing

Until the modern age no agreement could be reached among surgeons as to
whether pusless healing or pus formation was desirable in the treatment
of wounds. The majority of surgeons followed the ancient doctrine of Galen
for healing per secundam intentionem. With similar persistence they advo-
cated the doctrine of the adverse effect of air on wound healing.

Serious criticism of this concept was first expressed by surgeons during
the Middle Ages in Salerno and Bologna in the twelfth century (Keil 1983).
However, surgeons advocating pusless wound healing remained a minority
even there. One of these was Teodorico dei Borgognoni (1205-1298), from
the Bolognese school of surgeons. He gave clear instructions as to how this
pusless wound healing could be achieved (Campbell and Colton 1955-1960,
book II, chap. 1):

In the first place the sides of the wound should be debrided, or abraded (abradantur),
and then the wound should be completely cleansed of fuzz, hair and anything else, and
let it be wiped dry with lint moistened with warm wine; thus the sides of the wound may
be united as well as possible in accordance with their original state; and let it be
bandaged in such a way that the re-approximation of the wound edges cannot be
disturbed at all.

Teodorico also expressly contradicted the traditional concept of pus laudabile
as an essential feature of the healing process (Campbell and Colton 1955-
1960, book 1II, chap. 27):

But it is not necessary, as Roger and Roland [surgeons of the Salerno school; see Keil
1983] have written, as many of their disciples teach, and as all modern surgeons profess,
that pus should be generated in wounds. No error can be greater than this. Such a
practice is indeed to hinder Nature, to prolong the disease and to prevent the conglutina-
tion and consolidation of the wound.
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Criticism of the traditional approach to wound healing was also expres-
sed by the royal court surgeon under the French Kings Philipp IV and Louis
X, Henry of Mondeville (¢.1260—c.1320), who — upset by the bad habits of
the surgeons — gives the following vivid account of everyday wound healing
in the Middle Ages (Pagel 1890, vol. 40, pp. 736ff; translation 1.M.):

Older surgeons treated wounds as follows: If the wound was small, they first stuck their
little finger into it and violently pulled it open, then using their middle and finally first
fingers to widen it further. It was then enlarged even more by stuffing cloth into it that
had been made cold and sticky with some moist substance such as egg white. After this
they applied tampons soaked in the same substance.

Instead of this Henry of Modeville recommended not interfering with the
healing process and leaving the wound alone after the edges of the wound
had been closed with a suture; cloth soaked in wine was not to be placed in
the wound but only outside of it. He maintained that rapid closure of the
wound edges was necessary to avoid irritation of pus formation by the air
(Pagel 1891, vol. 41, pp. 138ff). His explanation shows the force of tradition
upon him despite his reformist ideas.

These early attempts by a small group of outsiders to introduce some
form of antiseptic or aseptic process into wound healing were not allowed to
develop at the time, however, Guy de Chauliac (died 1368), the personal
physician to three popes, dominated the practice of surgery for centuries
with his classical Chirurgia Magna (1363), which took a strictly Galenist
position. Among the more than 100 medical authorities quoted, Galen is
cited 890 times, Avicenna 661 times, and Hippocrates only 120 times. Guy
de Chauliac (1585, p. 131) mocked the concept of Teodorico and Mondeville
based on healing without pus and administering hot, wine-containing drinks
as a diet. With unshaken confidence in the ancient authorities, he recom-
mended instead to treat wounds that show a loss in substance by pus
forming after they had been covered with the usual powders, plasters, rose
honey (‘““apostles’ salve”), and Egyptian ointment. For deep wounds he
counseled insertion of turundae sive ellychnia, strips of cloth made from old
linen, or metallic drain tubes “‘ex canna aeris, vel argenti perforata” to drain
the pus (1585, p. 130; on the history of wound drainage see Moss 1981).

Pharmacotherapy as Part of Wound Treatment

Closely associated with wound treatment was the practice of pharmaco-
therapy, particularly the application of ointments and plasters, which often
accounted for two-thirds of surgical text books (Guy de Chauliac 1585, pp.
400-408; see also Goltz 1978). To this was added the administering of
medicinal drinks and purgatives. Following the advice of Galen, the medi-
eval surgeon had to supplement the local findings with a diagnosis based on
the diseased person’s complexion and numerous other features of importance
in terms of humoral pathology. In the regimen that he then established for
the patient’s treatment the slightly purgative medicinal draught and blood
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letting played an important part (Bock 1919; Raubach 1898). Without a
wound draught, it was thought that healing of the wound is impossible, for
only the draught would cleanse the wound, keep it closed, and induce
healing (Guy de Chauliac 1585, p. 131). Henry of Mondeville also con-
sidered this remedy to promote the healing process (Paget 1891, vol. 41, pp.
172ff) whereas Guy de Chauliac expressly rejected such measures and dis-
sociated himself from such superstitious practices (1585, p. 127: “De incan-
tationibus et iniurationibus vocatis Nicodemi...non curo”). Still, the
otherwise very critical physician and opponent of tradition, Paracelsus (1493
1541), vehemently defended wound draughts because “they contain a power
which intrinsically aids nature in healing every wound and injury (1536, pp.
22ff).

A principal objective of pharmacotherapy was the relief of pain, for
which preparations of opium and nightshade plants (mandragora, black
henbane) were used. A popular method of administration was with so-called
somniferous sponges (spongia somnifera or spongia soporifera). These were
prepared from fresh marine sponges soaked in the juice of plants with
narcotic effect and dried in the sun. The sponge was moistened with hot
water and inserted into the patient’s nostrils to put him quickly to sleep
(Goltz 1976, p. 200; see Sudhoff 1914-1918, vol. 2, pp. 482-487; Guy
de Chauliac 1585, p. 273). The advice on ways in which to reanimate the
patient which often accompanied such remedies suggests that the administra-
tion of these difficult-to-dose somniferous sponges was not free of risks.

Healing of Injuries from Firearms

The invention of gunpowder and firearms in the fourteenth century led to
new controversy. (A precise date for the first wounds from firearms cannot
be determined; Gurlt 1898, vol. 3, p. 513; for a summary of such data see
Gurlt, vol. 1, pp. 686ff.) With the first report on such injuries in 1460 by the
German surgeon Heinrich von Pfohlsprundt (or pfalzpaint, Pfolspeunt; see
Haeser and Middeldorpf 1868) the question was raised as to whether bullet
wounds are to be considered as poisoned and therefore requiring special
treatment. It was especially the Strasbourg surgeon Hieronymus Brunschwig
(1450-1512) who established the doctrine that gunpowder poisons the
wound. [His Wundartzny (1497) was still being frequently printed as late as
the sixteenth century.] The most effective remedy for such wounds was
considered to be the branding iron. One of the main advocates of the
branding iron method had been the Arabian physician Albucasis (Abul-
Quasim, 936-1013). The entire first book of his surgery is concerned with
cauterization, which is described a capite ad calcem (Abulcasis 1973; see
Goltz 1978). This commonly generated a burn of the third or fourth degree;
subsequently the burned spot was covered with soaked, greased cotton until
the scab came off. Brunschwig also recommended removing the “poison” by
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inserting a hair rope into the path of the projectile and pulling it back and
forth; to promote pus formation a piece of bacon was to be placed into it.
Another method of treatment was to pour hot oil into the wound after
extracting the projectile, a measure described in detail by the Strasbourg
surgeon Hans von Gersdorff in 1517, although he personally rejected the
hypothesis of poisoning. Gersdorff, who was renowned for his numerous
amputations, also recommended inserting a ‘“‘chisel” into the path of the
projectile to prevent the hole from closing. The French surgeon and per-
sonal physician of several kings, Ambroise Paré (1510-1590), described, for
lack of boiling oil, his use of a mixture of rose oil, egg yolk, and terpentine
(1585, pp. 419-422). Treating the wounded on a battlefield in 1536, he
reported better healing results than in similar cases before and thereafter
ceased using the branding iron and boiling oil. He referred to these practices
as a ‘““chose trés horrible et cruelle (p. 491)” and regretted that he himself
had operated on patients in the past using the branding iron, for among six
patients who had an arm or lower leg amputated only two could be ex-
pected to escape with their lives. His determined opposition to these painful
methods contributed greatly to their abolition.

Paré also improved the technique for arresting the loss of blood which
was becoming a substantial problem particularly in view of the increasing
rate of amputations. In the place of the branding iron or of mere com-
pression, he gripped the vessel with pliers, pulled it out, and ligated it with a
double string (pp. 489-491). With this technique of vessel ligature and
artery clamp Paré€ in several cases even ligated the carotid artery. Following
the amputation Paré dressed the stump by applying a powder of alumina,
dust meal and spruce resin, covering the wound with charpie, and-placing
on it a resin plaster consisting of egg white, Armenian clay, dragon’s blood,
gypsum, sealing earth, aloe, mastic, and burnt gallnuts.

Numerous complications such as the dreaded secondary hemorrhages
and wound infections due to contaminated suture material prevented Paré’s
procedure from earning wider recognition. Many surgeons, including the
famous German physician Fabry von Hilden (1560-1624), considered
ligature during the amputation to be too time consuming. Although Fabry
had designed ligature pliers of his own (1965, pp. 134ff), he still preferred
the branding iron (1615, chap. 19; 1965, pp. 131ff).

Weapon Salve

Paracelsus (1536) and his followers considered every manipulation of the
wound to be detrimental and relied solely upon the healing power of nature,
rejecting all instrumental interventions. Paracelsus also rejected the suturing
of wounds as an out-dated method and one that is opposed to nature. He
also imputed selfish economic interests when he reproached surgeons (1536,
p- 13; translation, I.M.):
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I oppose suturing not only because of its coarseness but also because of the pain that it
causes. Moreover, it is with suturing as it is with inspection of the urine: for every
suture, a farthing, for every inspection, a penny.

Such surgical nihilism no doubt encouraged the resort to supposed
miracle cures, such as sympathetic ointments and powders. One of these was
weapon salve, which consisted of bear fat, earthworms, mummia, pork
brain, bloodstone, and moss growing on the crane shells of hanged persons.
It was maintained that merely smearing this concoction on the weapon that
had injured the patient would bring about the cure of his wound, even
without the wounded person being present. [On the weapon salve, which
dates from methods practiced by Paracelsus, see Van Helmont (1648) p.
1008. A detailed description of the Paracelsian concept of ‘“magnetic curing”
of wounds is presented in Goclenius (1609). A survey of further relevant
writings is given by Gurlt (1898) vol. III, p. 153.] The often reported success
of this cure was presumably due to the simple neglect of the wound proper.
While the weapon salve was being applied, instead of charpie being tamped
to the wound or drains introduced into it, the wound was bandaged only
with a linen cloth and thus largely protected from contaminations (see
Churchill 1964).

Theory of the Detrimental Effect of Air on Wound Healing

By making the world of hitherto unseen organisms visible the invention of
microscope technology gave the doctrine maintaining a detrimental effect of
air new impetus. Many believed the fantastic patterns now presented to
the human eye to provide proof of the invisible miasmata, the air-suspended
contagia animata that had been postulated by the ancients as responsible for
wound putrefaction, and that were said to be exhaled from the diseased or
to circulate in the air (e.g., Onomatologica Medico-Chirurgica Completa
1775). The method of covering and bandaging a wound with several layers
of dressing to protect it from the dangerous air appeared as reasonable as
the attempt to cure putrefaction in the wound by applying so-called “‘anti-
septic” remedies.

However, it was the physical properties of the air itself that were
believed by many to have a detrimental effect on wound healing because air
caused contraction of the vessels and prevented the formation of new tissue.
This was the position taken by the leading surgeon of the eighteenth century,
Lorenz Heister (1683—-1758), professor in Altdorf and Helmstedt, Germany
(1719, pp. 48ff). According to Heister, air could be kept away in three ways:
by quick bandaging, by tamping the wound with balm and charpie, and by
covering the charpie with a wound plaster, applying a compress, and wrap-
ping a bandage around it. Thus, occlusive dressing was again given priority
in the practice of wound dressing.
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The term “antiseptic” was coined at this time, during the feverish search
for the putrefactive substances that were believed to be everywhere. Only a
century later was it given its modern definition by Lister. The term was first
used in 1750 by the English military and naval physician John Pringle
(1707-1782). In his search for putrefaction inhibitors Pringle carried out an
astonishing series of experiments, testing inorganic chemicals such as sea
salt, ammonium chloride, saltpeter, borax, and alaun for suspected anti-
septic properties. He dissolved the substances in water and used them to
soak putrefying meat, judging their respective antiseptic effectiveness by the
pungency of their smell. The standard that he used was sea salt, and accor-
dingly he calculated a NaCl coefficient (Pringle 1749, 1753; see Wangensteen
and Wangensteen 1967).

Similar aims, although with different methods, were pursued somewhat
later by the English physician William Alexander (died 1783). He fed in-
fusoria with substances recommended as antiseptics, such as mercurous
chloride (calomel) and cinchona bark, and in each case determined the
lethal dose of the substance under the microscope; this offered him a
yardstick for the evaluation of antiseptic properties (Alexander 1768; see
Stelzner 1969).

The dogma of the detrimental effect of air was given new impetus when
Scheele and Priestley discovered oxygen in 1774 and thus drew attention to
a new, possibly detrimental factor as a component of air. This discovery not
only seemed to justify wound curing under complete exclusion of air but
also stimulated the invention of numerous bizarre devices for pumping air
from above the wounds, supplying the wound with carbon dioxide, or
spraying it with alternately warm and ice-cold baths (Brunner 1916, p. 50;
De Moulin 1988, pp. 291ff).

The Horrors of ‘‘Hospital Gangrene’’

Polluted air was held to be the cause of the hospital gangrene that became
an increasing problem in the overcrowded hospitals after the middle of the
eighteenth century. [On the history of hospital infection see Churchill (1965);
Popp (1991); Schadewaldt (1989); Schmitt (1968); Wangensteen and
Wangensteen (1967).] The threat continued to spread throughout the cen-
tury with the introduction of anaesthesia because the new possibilities for
pain killing led to a considerable increase in the number of surgical activities,
while also promoting the mass transmission of wound infection in the hos-
pitals in which the operations were performed. Fear of the pathogenic
character of air lead to covering and bandaging the wounds with dry or
impregnated charpie in several layers after the defect was filled. This con-
tributed to the massive spread of hospital gangrene because the dressing
material was made from used and sometimes unwashed linen. Theodor
Billroth (1829-1894), one of the most prominent surgeons of the nineteenth
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century reported often having to reject compresses because they were still
covered with crusts of pus from previous applications.

Moreover, there was no understanding of the need to wear clean cloth-
ing during surgery. Surgery was considered a dirty job, and the surgeon
often wore an operating gown stained with blood and pus because the
degree of such ostensible contamination was seen as a measure of the
surgeon’s frequency of operations and for the presumed success of these
(Schadewaldt 1986). It is therefore not surprising that 60%—80% of those
operated on as late as the middle of the nineteenth century fell victim to
hospital gangrene.

However, not all surgeons accepted the hypothesis of the detrimental
effect of air. The English surgeon John Hunter (1729-1793) in 1794 had
published a wealth of observations about healing per primam intentionem,
inflammation, pus formation, new formation of vessels, and granulation.
The German surgeon Philipp Franz von Walther (1781-1849) was resolutely
opposed to polypragmatism and supported a return to open wound treat-
ment; he mocked as a horror vacui (1826, p. 210) the practice by contem-
porary surgeons of immediately tamping every wound opening and pouring
something into it. He advised his colleagues: “‘In treating wounds, abscesses,
cysts, and fistulas, ignore two-thirds of all the traditional rules prescribing
how to perform an operation” (p. 180).

However, the acceptance of progressive attitudes failed to find general
support because of the continuing predominance of the miasma doctrine.
This doctrine later delayed even the recognition of the revolutionary findings
of the Vienna gynecologist Ignaz Philipp Semmelweis (1818-1865), whose
statistical investigations showed the high death rate in his hospital to be
due not to infectious substances in the air but to the contaminating hand
of the physician, transmitting ‘“‘organic poison.” Semmelweis’ insights into
the causes of puerperal fever and wound diseases was so contradictory to the
concepts of conventional infection theory in the middle of the nineteenth
century that they received proper attention only after his death.

‘‘Patient Scattering’’ to Reduce Wound Diseases

Nikolai Iwanowitsch Pirogoff (1810-1881), the leading army surgeon in
Russia, was finally able to radically change the treatment of wounds and
achieve a reduction in dreaded wound infections. According to his findings,
more than half of all the surgically treated casualites in the 1853-1855
Crimean War had ended in the death of the injured (Pirogoff 1864, p. 14).
He demonstrated that dangerous wound infections occurred almost ex-
clusively in the overcrowded hospitals, and that surgically treated patients
living at home in the country, even those living in the most primitive of
conditions, were generally spared such “hospital diseases.” (A very similar
observation had been made by the English surgeon P. Clare in 1779, how-
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ever, without drawing the consequences for wound treatment: ‘It has been
generally remarked, that the cure of compound fractures does not succeed
so well in London hospitals as in the country, where the air is more pure and
conducive to health”.) Pirogoff initiated the practice of scattering recently
operated patients to the dwellings on his own estate. Here Pirogoff reported
“the most fortunate results” of his surgical practice (pp. 8ff).

Pirogoff also further improved hospital practice by abolishing the
sponges which had usually been used to clean the wounds of numerous
hospital patients successively; he considered these to be the “principal car-
rier of the infectious substance.” The practice was replaced by rinsing of the
wound with a water jet from a kettle. Pirogoff also considered probing the
wound with the naked finger to be a “surgical capital crime” not worthy of
the nineteenth century, and this was prohibited. In addition, he demanded
that infected patients, including their bedding and clothing, be separated
from each other in smaller isolation rooms, and that used dressing material
be disposed of immediately and instruments be thoroughly cleaned.

Antisepsis and Asepsis as a Precondition
of Modern Wound Treatment

A radical change was brought about by the introduction of antiseptic wound
treatment by the English surgeon Joseph Lister (1827-1912) in 1867. Prom-
pted by the work of Pasteur, Lister developed an antiseptic bandage which
provided secure sealing against germs presumed to be in the air while
avoiding continued contact with the carbolic acid used as antiseptic. As a
protection against the irritating effect of carbolic acid, Lister used a piece of
impermeable cloth as first cover after the wound had been treated with 5%
carbolic acid. On this was placed an eightfold layer of antiseptic gauze,
extending far beyond the edges of the wound; this was then normally
covered with a layer of antiseptic dry cotton wool and secured with a gauze
bandage (Kiister 1916, p. 27).

A subject of vehement dispute in these germicidal procedures was the
spraying apparatus which Lister introduced into antiseptic treatment in 1871.
This served to shroud the wound area, the surgeon’s hands, and the in-
struments in a mist of finely diluted carbolic acid, and the process was
therefore accompanied by undesired side effects, including occasional
poisoning of both surgeon and patient. A particularly annoying feature was
the atomizer: “The carbolic acid spray attached itself so fast in the hair and
beards of the personnel that its smell betrayed them even at a great distance”
(Kister 1916, p. 40). Lister continued to improve his method further, and
despite his incorrect premise of contaminated air being the cause of infec-
tion, his carefully devised treatment system produced brilliant practical
results.
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Elucidation of the true cause of wound infection diseases resulted finally
from the investigations carried out by Robert Koch (1843-1910). These laid
the foundation upon which modern aseptics and wound treatment have
developed. In a path-breaking work in 1878 Koch presented the results of
experiments demonstating that most of the bacteria contaminating the
operation field derived not from the air but from the hands of personnel and
from bandages.

Koch’s bacteriological advance allowed the carbolic spray to be dis-
pensed with and also led to modifications and further development in
antiseptic procedure. The then traditional chemical disinfection was replaced
by physical disinfection, which remains today the foundation of modern
asepsis. Its development was largely the work of the Berlin clinician Ernst
von Bergmann (1836-1907) and his colleague Curt Schimmelbusch (1860—
1895), who observed in 1891 that only simple cleaning by mechanical meth-
ods and heat can guarantee the elimination of all dangerous germs. He
presented precise instructions for the sterilization of bandaging material in
hot steam and that of metallic instruments in soda solution as well as
information on the disinfection of medical brushes and hands. As an addi-
tional germicial prophylaxis, William Stewart Halsted (1852-1922) in-
troduced the use of rubber gloves in the United States in 1891. [As early as
1843 Sir Thomas Watson (1792-1882) had recommended the use of rubber
gloves for germicidal prophylaxis. |

Less well known but also important were the bacteriological investiga-
tions of the Leipzig surgeon Paul Leopold Friedrich (1864—1916) that con-
tributed to aseptic wound healing. Impressed by the research of Koch,
Friedrich developed the practice of wound incubation as early as in 1889-
1899. First in animal experiments and later in humans he demonstrated that
wounds infected with earth germs do not develop infection but undergo
primary healing provided the wound is excised within 6 h. The observation
that germs remain latent for up to 7-8h led him to develop the method
of “operative sterilization,” which brought a substantial improvement in
wound healing methods. This innovation, however, at first received little
attention, as the authority of von Bergmann prevented Friedrich’s results
from finding general acceptance (Magnus 1933, p. 19). Only during World
War I was his operating method rediscovered and practiced on a wide scale.
In the meantime it too has been replaced by further improvements in the
methods of modern wound healing.
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Fig. 1. A portrait of Cesare Magati from the work of D.A. Sancassani Dilucidazioni Fisico-
mediche, Roma, 1733

A Brief Outline of the Life and Works of Cesare Magati

A biography of Cesare Magati was first published by his nephew Prospero
and is well described in the works of Putti [10] and Busacchi [2].

Magati was born in Scandiano, near Reggio Emilia, in 1577. He studied
medicine at the University of Bologna, from where he graduated in 1597.
He then moved to Rome, where he spent a period of further education in
the hospitals. This stage was very important for the young physician, as he
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observed that the surgeons’ methods for treating wounds were quite dif-
ferent from those that he had learned in his classes at the University.

The next important step in the life of Magati was the call, to Ferrara, by
the Marquis Enzo Bentivoglio; at this university he was lecturer of surgery
from 1612 to 1618; he became also Chief Surgeon in the St. Anna Hospital.
During this period, in 1616, he published his masterpiece De rara medic-
atione vulnerum seu de vulneribus raro tractandis (Fig. 2), in which he
collected the results of his experiences and proposed a method to treat
wounds.

In 1618 Magati entered the Order of Capuchin Friars, with the name of
Fra Liberato, but he did not stop practicing medicine. Suffering from urinary
stones, he died in Bologna, after a lithotomy operation, in 1647.

De rara medicatione vulnerum [4], printed in folio, is divided into two
parts: the first volume is devoted to wound treatment in general and con-
tains the principles of his doctrine; the second is devoted to injuries of
different regions and organs.

The book had three editions (1616, 1676, 1733), the last two post-
humous. The second and third editions contain, as an appendix, the Apologia
seu tractatus quo rara vulnerum curatio defenditur contra Sennertum, signed by
a brother of Magati, Giovanni Battista, in which the theses that the distingui-
shed physician Daniel Sennert (1572—1637) proposed to challenge Magati’s
thoughts are countered.

In the following survey, the roman numerals between brackets indicate the
volume and chapter of De rara medicatione vulnerum from which the quot-
ations are derived.

De rara medicatione: The Fundamentals of a New Method

The essence of the doctrine of Magati is very simple: the healing of wounds
is better and faster when the surgeon leaves the lesion in absolute rest. But
how did Magati convince himself of this procedure, which was so different
from the current practices of his age? We have already emphasized that
during the stage in Rome he observed “that the surgeons of the city fol-
lowed a new method to treat wounds” founded on a major respect for the
damaged tissues, but they were not able to justify their behavior rationally
and asserted empirically that ““all was based on experience” [5]. For Magati
experience had an important place in forming his ideas, but he was also able
to link the observation with an attempt at rational explanation. The history
of the case that led him to go a new way is included in volume I, chapter
XXXIV: “I dressed a sore on the leg of a girl once or twice daily” writes
Magati, but there was no improvement in the lesion. So “tired of the
lengthy treatment I initiated to dress it only every other day, later medicat-
ing the ulcer every three days, in a short time it was healed. I experienced
the same method in other patients, with positive results.”



22 N.N. Aldini et al.

CAESARISMAGATI
SCANDIANENSIS

INALMOT FERRARIENSI
Gymnafio publici Medicinz Profefloris.
DE RARA MELlcAilUANL VVLNERVM,
feu De Vulneribus rard wactandis, ’

LIBRI DV O
IN QVIBVS NOVA TRADITVR METHODVPS,
N qua felciffme , ac crtins quam alic quois mods [anantur Viulnera.
Qureconque pracercaad veram , & perfectam corum curationem aeti diligen
excununucpermultag. mlm%&&&pmrg%ﬁ% m

HAEC AV TPM DVELICT SV BESTIGNT,
L Virnm melins fit vulnera quondid folwere , at procuvave , an pleribueintericttis dsechus.
11, Frrum surundarum, ¢ penscillorsm vfus inCuratione ¥ ol ﬁ:mgg'm;:.

NOVVM ARGVMENTVM BST, A NVLLO HACTENVS
stsentavam, fed pulcherrimum, & Vulnera raantibus maxime fudisofum,
ADILLVSTRISSLMOS VIROS ~

). J ﬁl ‘R& .\ . S N
} A%qu%c?xg ‘hs \z}azsgm%u& SCX M

SAPIENTESQVE MAGISTRATVS

DMARCHIONFM GATFA1, "V GVALTN. VY
D MALCHIONEM ALOY !V oy BEVILADYIY 3L

- . \w c
i Ferradienfis Gymnafij Moderatores,
Cum trrplic Iudice Cnptisn , Pusfisonum , ¢ Rerum ommsum memor abslin.

p pesnuthe & B
5
b
VENET/ T, M DC XVI
Apud Ambrofium , & Bartholomgum Detf, Fratres. 4
WS D
h . PR o

Fig. 2. The frontispiece of the first edition of De rara medicatione vulnerum, Venezia, 1616
(Library of Istituti Ortopedici Rizzoli, Donazione Putti)

From these observations he concluded that repeated handling of the
wounds hindered tissue repair, while “leaving in absolute rest the injured
part, nature had time to carry out the work necessary for healing; with a
daily dressing the work was hindered because nature was distracted from its
effort. . . . By keeping the wounds covered and quiescent, secretion is min-
imal, the danger of bleeding is removed, and there is no pain” (I, XL).
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However, Magati also emphasized that even drugs without well char-
acterized properties were effective in wound healing (I, XXXVII). Nature
became the main protagonist in the field of wound treatment; until then the
scenery had been overlooked by the physician with his tools and liniments.
Magati is explicit: “it is nature and not the physician with the medicaments
that heals the wounds, because it is nature that drains the pus, regenerates
the flesh, repairs bone fractures, agglutinates and releases secretions” (I,
XL). In this concept, he reveals his agreement with the hippocratic belief:
the vis medicatrix naturae carries on a primary task that the physician can
only help. “The perfection of medicine consists therefore in relieving nature
as much as one can” (I, XL).

The practical advantages of the new method are threefold: indeed it is
“less hard for the physician, less troublesome for the patient and less
expensive” (I, XL). Naturally there are also some situations in which it is
necessary to uncover and dress the wound: these are listed in the chapter
XXXVIII and include bleeding, gangrene and decay, the presence of foreign
bodies, inflammation, obstruction of drainages, and excessive collection of
purulent matter.

Between the topics of main interest in Magati’s work, we can find his
opinions on the influence of the contaminated environment on the injuries.
In a prebacteriological era he raised the question about “what therefore
happens to a wound exposed to polluted, contaminated or poisonous air” (I,
LXVII). The answer is clear with regard to the consequences: “Abundant
putrefaction and decaying often occur because of . . . depraved air composi-
tion and its pollution”. With respect to the cause of those events two
centuries later, Joseph Lister (1827-1912) [3] stated positively: “Since it has
been demonstrated by the experiences of Pasteur that the harmful pro-
perties of air result . . . from certain tiny organisms in suspension, the idea
occurred to me that it may be possible to avoid putrefaction of wounds”.
Regardless of the source of contamination, Magati applied an occlusive
bandage: “The physician will easily prepare a dressing with small cloths
folded in two, three, four or more . ..to cover abundantly also the sur-
rounding healthy tissues” (I, XXXV). Medication defended the lesion against
environmental contamination and allowed the maintenance of the “natural
warmth,” that is, the main process by means of which nature could fulfil the
work of repair.

The principles outlined by De rara medicatione vulnerum excited a great
deal of debate: they agreed with the doctrines of the renowned physician
Lodovico Settala (1552-1633) but were challenged mostly by Daniel Sen-
nert, and this opposition aroused a heated controversy [6].

The basis of the scientific method of Magati is clearly expressed in a
passage of the third chapter: “When a doctrine opposes an observation, and
there is a contrast between them, it is advisable to follow the observation.”
In a period of transition, in which doctrinal tradition and the excitement of
new experimental methods existed together in medicine, this statement
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assumes a double significance: Methodologically, it expresses the ability to
criticize any dogmatic assertion on the basis of direct experience; practically,
there is the suggestion that all practitioners build their skill not only with a
theoretical education, but also by elaboration of their own observations.

As stated by Baglivi (1668—1707) [1] ““Ratio et observatio” are the two
“praecipui medicinae cardines” on which the medical act is founded. In this
perspective Magati can actually be placed in the new scientific dimension
that characterized the seventeenth century.

Concluding, we can refer to the judgement of Antoine Portal [9], who,
regarding Magati, wrote, “He was the first that ensured simplification of
surgery. His thoughts and principles about the treatment of wounds are
worthy of a profound philosoper and an acute observer of nature.”
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Fetal Wound Repair

I.K. Cohen and J.H. Haynes

Introduction

The process of wound repair has phylogenetically evolved as an essential
survival process after injury. While some lower species retain the ability to
regenerate, humans require rapid healing lest they succumb to infection,
predators or starvation during evolution. Thus it is likely that wound healing
in the form of rapid collagenous scar deposition evolved. The original
demonstration that the mammalian fetus retains the ability to heal in a
scarless fashion [1-3], resembling regeneration, reinforced the importance
of restoration of original structure and function. These studies have sug-
gested important therapeutic strategies in modulating pathologic adult wound
healing. For example, can we modulate adult repair to prevent the form-
ation of keloids and hypertrophic scarring? Will the study of the noncon-
tracting fetal skin wound teach us how to control burn scar contracture or
common bile duct stenoses? In an attempt to address these and other
questions, fetal wound repair has been a major focus of research in our
laboratory for the past S years. It is hoped that by delineating the me-
chanisms whereby the fetus carries out optimal wound repair, resembling
regeneration, pathologic adult wound healing problems may be ameliorated.

Model

In vivo studies have been carried out in the pregnant New Zealand white
rabbit. Does are operated on day 23 of gestation and the fetuses then
returned in utero after manipulation. The fetuses are harvested at selected
time points until term (31 days) and analysis carried out. This has been
a cost-effective model because surgery can be performed on six fetuses
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per doe. The animals tolerate anesthesia well and fetal viability after mani-
pulation exceeds 90% [4].

Characteristics of the Fetal Wound

Initial characterizations of fetal wounds were made in our laboratory when
Krummel et al. [5] studied skin wounds in the fetal rabbit. Linear, incisional
wounds healed without gross evidence of scarring, while wounds left open
demonstrated no evidence of contraction, but rather appeared to increase in
size. To further investigate these findings, a polyvinyl alcohol (PVA) sponge
wound implant developed at the MCV Wound Healing Center was used.
The PVA implant consists of a perforated silicone carrier tube into which
the sponge is placed [6]. The device is then placed in the wound to sample
the wound environment as healing progresses. We have used this device in
numerous human and animal studies. It provides a sensitive indication of
matrix metabolism and reflects well the cellular events occurring in the
wound. PVA implants removed from linear sutured wounds were assayed
for collagen using highly sensitive high pressure liquid chromatography
(HPLC) capable of measuring hydroxyproline in the picomole range. No
collagen could be detected at assay [7]. However, we reasoned that there
must be collagen synthesis in order for healing to occur and could only
hypothize that collagen could not be detected due to rapid turnover. This
hypothesis has been strengthened further by simultaneous findings that scars
could not be detected in 5-day-old primarily closed fetal incisions. This
phenomenon was observed both on routine histology and electron micros-
copy. Histologically, the epithelium appeared completely normal with res-
toration of the basement membrane. The dermis contained a normal appear-
ing matrix without any evidence of collagen disorganization, which would
suggest scar deposition [8].

To further investigate the role of collagen in fetal wound repair, we
measured collagen synthesis in adult and fetal fibroblasts under room air and
hypoxic conditions. In both environments, fetal fibroblasts produced col-
lagen at a rate greater than adult fibroblasts [7]. Thus it was apparent that a
lack of collagen deposition at the wound site was not due to an intrinsic
defect of the fetal fibroblast to synthesize collagen. This strengthened our
supposition that there was probably a significant collagen turnover in fetal
wound healing.

Subsequently, collagen synthesis was measured in these primarily closed
fetal wounds and in adult rabbit wounds. In the adult, the absolute rate of
collagen sythesis is increased, but noncollagen protein was not increased
[7]. In contrast, in the fetus the absolute rate of both collagen and noncol-
lagen protein synthesis are elevated significantly after wounding. Therefore,
we hypothesized that the increased fetal noncollagen protein synthesis is



Fetal Wound Repair 29

related to the rapid metabolic activity of the developing fetus and that a
portion of this protein may be the collagenase required for the rapid turn-
over that occurs in the fetal environment.

Collagenase activity in the fetus has not been measured directly in our
rabbit model. However, mRNA for collagenase has been detected in mater-
nal and adult rabbit wounds. Preliminary studies indicate that there is
significantly greater collagenase mRNA in fetal wounds suggesting that fetal
collagenase activity is greater than that of adult wounds.

Although collagen turnover appears to be very rapid in the fetus, the
breaking strength of healed fetal incisional wounds develops at a rate dra-
matically greater than that in adults. Therefore there appears to be a rapid
remodeling and removal of the newly synthesized fetal collagen to account
for the fact that collagen is not detected in abundance as seen in adult
repair.

We are currently focusing our efforts in this area on understanding the
role of collagenase in this remodeling process. Moreover, data accumulated
thus far indicate that matrix organization, rather than the quantity of col-
lagen synthesis and deposition, is the major factor in the development of
wound tensile strength.

Hyaluronic Acid in Fetal Wound Repair

The finding of a lack of collagen deposition in the PVA implants from fetal
wounds led us to identify the extracellular matrix which had been deposited
instead of collagen. Using alcian blue stains, we demonstrated the matrix to
be rich in glycosaminoglycans. Treatment of specimens with hyaluronidase
revealed the presence of hyaluronic acid (HA) [5]. Electrophoresis later
confirmed the presence of almost 100% hyaluronic acid [9].

These findings linked the fetal repair system to previous literature sug-
gesting that HA controlled the differentiation and movement of cells early
in embryonic development. When HA content in fetal wounds was com-
pared to that of normal adult rabbit skin or wounds, the content of fetal
wounds was always significantly higher. To test the hypothesis of a regulatory
role of HA in fetal wound repair, we placed PVA sponges containing
hyaluronidase at the fetal wound site [10]. This treatment lowered the
amount of HA accumulating in the sponges. Concurrently, an inflammatory
response was seen as well as the deposition of collagen. Therefore, as
predicted, removal of HA allows the transition from the fetal wound healing
to one which is more adult-like. It is not known if this occurs by a direct
mechanism of HA on the cell walls, by the binding of receptors or perhaps
related to activation or inhibition of various cytokines. Further work is
underway that addresses the role of specific HA fragments in regulating fetal
wound repair.
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Role of Growth Factors in Fetal Wound Repair

With the recent accumulation of large volumes of data on the role of growth
factors in adult wound healing, it seemed logical to test the responsiveness
of the fetal system to well known adult wound healing mediators. Using the
PVA implant, both platelet derived growth factor (PDGF) and transforming
growth factor-f (TGF-B) were placed at the fetal wound site for various
time periods and concentrations [11, 12]. Both growth factors induced an
inflammatory and fibrotic response as sampled by the implant. Additionally,
the PDGF treated implants demonstrated neovascularity at higher doses.
These studies again demonstrated the capacity of the fetus to change from a
regenerative type of repair of a more adult, fibrotic state.

Fetal Wound Contraction

One of the earliest observations in fetal wound repair was the finding that
open fetal rabbit wounds do not contract in utero [13]. This work was
confirmed first morphologically, then histologically with the finding that fetal
rabbit wound edges did not contain myofibroblasts, the cellular element
presumed responsible for contraction, nor was there inflammation or collagen
deposition characteristic of adult wound contraction [8]. It should be
noted, however, that myofibroblasts are associated with contracting fetal
sheep wounds, reflecting interspecies variations [14].

To further address the issue of noncontraction, amniotic fluid (AF)
which bathes the open fetal wound has been postulated as an inhibitor of
wound contraction. When open fetal wounds are covered by a silicone
patch, they decrease in size with time. Histology of the wound edge, how-
ever, demonstrates a mesenchymal cell proliferation suggesting a regenera-
tive process. To address the effect of AF on open fetal wound closure, HA
levels were measured in wounds both exposed and excluded from AF contact.
We found those wounds not exposed to AF (and subsequently closing)
contained a higher HA content than those exposed [15].

In summary, wound healing is entering a new age due to the availability
of molecular biological techniques that will allow us to discover the me-
chanisms which precisely control wound healing and are responsible for its
excesses and deficiencies. The application of these techniques to elucidate
the sequence of events responsible for the seemingly optimal fetal system of
repair are present goals. Unlocking these secrets will allow clinicians to deal
with difficult wound healing problems such as anastomotic structures and
burn wound contractures.
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Histological Examination of Skin Grafts

A. Fisseler-Eckhoff and K.-M. Miiller

Introduction
Wound Healing of the Skin

Surface epithelial tissue of the skin belongs to the Wechselgewebe (regenera-
ting tissue) due to the rapid proliferation of the cells. Under physiological
conditions the continuous supply of cells results from the mitotic cells of the
stratum germinativum (Cottier 1980). In traumatic injury of the skin, there
is an interruption of tissue continuity with destruction of all epidermal cell
layers and of concomitant mesenchymal and vascular tissue; thus a restitutio
ad integrum due to proliferation of the germinative cell layer of the epithelial
surface of the skin is not possible. Complex reparative and regenerative
changes of wound healing, proceeding in three phases, are necessary: In the
first phase the wound is covered with blood and a fibrin clot, which is the
first barrier against infection. Tissue at the border of the damage becomes
necrotic with migration and demarcation of necrosis by granulocytes. The
second phase of wound healing is characterized by proliferation of an-
gioblasts, fibroblasts, histiocytes, lymphocytes and plasma cells resulting in
granulation tissue. Proliferation of connective tissue leads to skin scarring in
a third phase.

Wound Healing in Burns

Healing of skin wounds primarily depends on the kind, extent and localiza-
tion of skin damage (Lindner and Huber 1973, 1983; Dinges et al. 1979,
1980). In extended skin damage due to thermal injury, destruction of all
epithelial cells makes physiological wound healing impossible. Additionally,
problems of secondary microbial wound contamination with possible
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complications such as bacteremia and sepsis determine the clinical develop-
ment. Therefore definite closure of the damaged skin areas in burns ensures
the survival of the patients.

Fibrin Sealing — Historical Aspects

In the beginning of the twentieth century scientific work on wound healing
in burns was mainly concentrated on finding a tissue glue that fulfilled the
desire for nontraumatic tissue synthesis. The central role of fibrin in blood
coagulation (Beneke and Schmidt 1971; Miiller and Berkel 1983) and its
importance as a protective and healing substance led to the use of powdered
fibrin preparations from horse and bull in animal experiments in 1909. Grey
(1915) and Harvey (1916) used, respectively, fibrin tampons and thin fibrin
plates to stop bleeding of parenchymal organs. Genuine interest in an
effective fibrin sealing system was prompted by the discovery of clotting
factor XIII by Laki and Lorand in 1948 and its isolation by Loewy et al.
(1961). The era of fibrin sealing was interrupted by the discovery of the
glue-like quality of synthetic acrylate monomers by Coover in 1959 (see Lick
et al. 1966). In 1972 Matras et al. took up the idea of fibrin sealing again.
Preliminary results on the sealing of nerve anastomoses in animal exper-
iments by use of fibrin glue were reported. Since then the fibrin sealing
system has been the object of numerous clinical and experimental examina-
tions (Braun et al. 1975; Staindl 1977; Spéngler et al. 1973; Spangler 1976;
Matras 1980). In spite of the frequent use of fibrin glue in surgery the
importance and effect of fibrin sealing for wound healing, mainly in the
operative care of extended degree burns, is still controversial. In wound
healing in patients with different degrees of burns, good adaption and
atraumatic fixation is particularly necessary (Braun et al. 1975). Till now no
quantitative and qualitative morphological examinations concerning the
question of wound healing in burns with sealed or nonsealed transplants
have been available in humans.

Material and Methods
Investigated Collective

In cooperation with the Department of Plastic Surgery and Burns of the
Berufsgenossenschaftlichen Kliniken Bergmannsheil, Bochum (University
Clinic), 23 sealed and 13 nonsealed bioptically obtained biopsies of 21
patients (13 male and eight female) were investigated histologically. The
biopsies were obtained at different time intervals after surgery. The per-
centage of skin burned was between 7.5% and 60%. All patients had second
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degree burns, i.e., partial necrosis of the epidermis without destruction of
the skin adnexes, or third degree burns, i.e., necrosis of epidermis and
corium with destruction of skin adnexes. Microbial contamination of the
burned skin with Staphylococcus aureus, Streptococcus epidermidis and S.
faecalis, Pseudomonas aeruginosa, Escherichia coli and Candida albicans
and other germs could be observed. After surgical excision of superficial
destroyed skin areas treated by a tangential or deep excision and hemo-
stasis, skin grafts were taken from other body regions of patients as auto-
transplants. In one patient the wound was covered with the skin of a pig, in
two patients skin grafts of their parents were used. These, respectively,
hetero- and homotransplants were replaced by autologous transplants in a
later operation. In seven patients necrosis extended up to the deep layer of
the corium, therefore grafts were directly placed on the subcutis. In cases
of sealed transplants a small layer of the fibrin sealing system was applied on
the wound before adaption of skin grafts. For fibrin sealing the Tissucol
system was used (Immuno GmbH 6900, Heidelberg, FRG) (Fisseler-
Eckhoff et al. 1987).

Histological Methods

During additional skin transplantations, samples 1-2mm in diameter of
former sealed and/or nonsealed grafts from the first operation were taken
at different intervals (days 1, 2, 4, 5, 6, 8, 9, 12 and 14 after the first opera-
tion). Bioptically obtained specimens were fixed in formalin and embedded
in paraffin. To demonstrate histologically the fibrin components of the fibrin
sealing sytem, the sensitive Martius scarlet blue stain (MSB-Lendrum) was
used (Lendrum et al. 1962). This stain is supposed to be the most sensitive
method for morphological demonstration and differentiation between fresh
and older fibrin components (Dinges et al. 1979, 1980).

For objective morphological evaluation of wound healing in sealed
and nonsealed grafts intensity of inflammatory reaction, connective tissue
proliferation, capillary proliferation, adaptation and fixation of the grafts
were evaluated according to a defined scale (see Fig. 3).

Aim of Investigations

The comparative morphological examinations of sealed and nonsealed skin
grafts were guided by the following questions:

— Are there any morphological differences in regenerative and reparative
changes of wound healing in sealed and nonsealed grafts?
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— Are there differences in the intensity of capillary and connective tissue
proliferation dependant on time after surgery?
— Is the fibrin glue detectable by histological staining?

Results
Intersection Zone Transplant/Wound Inflammation

In the first 2 days after transplantation a different enlarged gap was de-
monstrated without any connections between the grafts and skin of the
hosts. Within the transplantation zone erythrocytes, inflammatory cells,
fibrinous and proteinous exudate were seen in both sealed and in nonsealed
specimens (Fig. 1A). The fibrin glue was visible as a homogenous, linear,
granular, red substance in the junction area without broadening of the tissue
gap (Fig. 1B). Beside exogenous fibrin of the sealing system endogenous
fibrin could be demonstrated in sealed and nonsealed specimens in regions
of transplantation zones and in deeper layers of the corium.

In all specimens inflammatory reactions with lymphocytes and gran-
ulocytes — normally restricted to the region of transplant and gap — could be
observed, but all other layers of the host skin could be involved, too.
Different degrees of inflammation were observed between sealed and non-
sealed specimens. In contrast to sealed grafts an enforced immigration of
inflammatory cells was observed in nonsealed grafts in early time intervals
after surgery (Fig. 1A). Only mild inflammation was observed on the first
day in sealed grafts up to 14 days after operation. Inflammation was re-
stricted to epidermal remnants left after necrectomy beyond the former
transplantation zone (Fig. 1D).

Connective Tissue Proliferation

While inflammation and bleeding were prominent during the first 2 days, in
sealed grafts mild proliferation of fibroblasts was observed even in the first 2

»
»

Fig. 1A-D. Comparative histological demonstration of wound healing in sealed and nonsealed
skin grafts. A Nonsealed skin graft 1 day after transplantation without any connection between
the graft and the skin of the host. Within the transplantation zone (arrow) erythrocytes,
inflammatory cells and exudate; 69 year old woman, Ladewig stain, x140. B Sealed skin graft 3
days after transplantation. Between the graft and the tissue of the host the fibrin glue is visible
as granular, linear substance (arrow) in the junction area without broadening the tissue gap; 55
year old woman, Lendrum stain, x350. C Sealed skin graft 6 days after transplantation.
Proliferation of capillaries and fibroblasts. Loosened connection between transplant and host
skin; 52 year old woman, Goldner stain, X220. D Sealed skin graft 8 days after transplantation.
Increased fiber proliferation with overwhelming of the gap. Demonstration of original epidermal
islets with mild inflammatory reaction within the former zone of transplantation gap staining
positive with keratin; 52 year old woman, keratin stain, X140
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days. From the fifth day onwards concomitant and increasing fibroblast and
capillary proliferation could be observed (Fig. 1C). These regenerative
changes were prominent from the sixth day up to the twelfth day after
surgery. In nonsealed grafts regenerative and reparative changes took place
with a delay of 2 days. Intensity of reactions increased up to the twelfth day.
Production of matrix structures with proliferation in first weak and then
stronger collagen fibers on the fifth day in sealed specimens and on the
eighth day in nonsealed specimens increased with advancing time was seen.
The results demonstrated an even looser connection between transplant and
host skin at the fifth postsurgical day in sealed grafts. With concomitant
increase of fiber proliferation a stronger connection between transplant and
host skin, which finally led to closure of the gap, was seen in sealed grafts.
In nonsealed grafts the gap was primarily crossed by capillary loops before
fine fiber neosynthesis appeared (see Fig. 3). On the fourteenth day after
surgery skin repair comparable to that of regular undamaged skin could be
observed. The former transplantation gap could only be recognized by
the original epidermal islets, which stained keratin positive immunohisto-
chemically (Fig. 1D).

Staining of Exogenous Fibrin Due to the Fibrin Sealing System

For better differentiation of endogenous and exogenous fibrin components
staining of fibrin was compared in different staining methods. Endogenous
fibrin was demonstrated as fine cord-net or fiber-like structures whereas
exogenous fibrin of the fibrin glue appeared as a more homogenous, granular
substance, as stained by MSB-Lendrum staining. During the first 4 days the
glue was demonstrated as different, wide, border-like lines of demarcation
between the transplant and the original host tissue skin (Fig. 2A). In the
course of early enzymatic digestion and resorption fibrin is dissected into
small fragments. From the fifth day on only fragmented clots were found
(Fig. 2B). Due to the different microscopic appearance of endogenous and
exogenous fibrin, demonstrated by the sensitive MSB-Lendrum staining,
the fibrin sealing system could be demonstrated from the first day up to the
ninth day. After the ninth day no exogenous fibrin remnants were found
within the former transplantation zone. By the MSB-Lendrum stain, a
histological differentiation between collagen fibers, which were stained dark
blue, and the exogenous fibrin clots (staining colour of the glue in early
stage red, late stage blue) was possible. Endogenous fibrin was detected in
low amounts in peripheral zones of the transplant and in the subcutis.

Discussion

Morphological results of histologically obtained biopsies 1-2 mm in diameter
of sealed and nonsealed skin grafts of burns taken at defined time intervals
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Fig. 2A,B. Histomorphological appearance of fibrin glue in Lendrum staining. A Fibrin glue
visible as different wide border-like line of demarcation between the transplant and the original
skin of host tissue 4 days after transplantation; 23 year old woman, Lendrum stain, X560. B
Histomorphological demonstration of fragmented rest clots of exogenous fibrin due to enzymatic
digestion and resorption 5 days after transplantation. Overwhelming of the transplantation zone
by proliferation of connective tissue fibers; 23 year old woman, Lendrum stain, X560
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Fig. 3. Comparison of morphological results of wound healing from sealed and nonsealed skin
grafts in relation to time

after first transplantation demonstrated differences in regenerative and
reparative reactions in wound healing (Fig. 3). In biopsies which have been
sealed, the early phase of transplantation is characterized by a discrete
increase in fibroblast and capillary proliferation during the first days, followed
by tight connection of proliferating granulation tissue from the fifth day on.
In nonsealed grafts the early phases of wound healing were demonstrated
not earlier than the sixth postoperative day. In the later phases of wound
healing there were no essential morphological detectable differences (Fig.
4). Proliferation of fibroblasts in sealed grafts up to 4 days earlier than in
nonsealed grafts (see Fig. 3) can be attributed to the fibroblast stimulating
activity of fibrin and clotting factor XIII. In animal experiments Knoche and
Schmitt (1976) could already demonstrate an inducing, accelerating effect of
factor XIII on fibroblast proliferation. Beside clotting factor XIII, fibrin
itself has a direct fibroblast stimulating effect that is essential for the presence
of a fibrin network as a proliferative attraction of fibroblasts in culture (Beck
et al. 1962; Bruhn et al. 1979; Turowski et al. 1979). A further positive
influence on early fibroblast proliferation might be the tight and calm junc-
tion of transplant with host skin. Due to the loss of micromovements
between graft and wound base, sheer forces will be much fewer. This might
be a major advantage of fibrin sealing in adaptation and incorporation of the



Histological Examination of Skin Grafts 41

Fig. 4. Comparative demonstration of phases of wound healing in sealed and nonsealed skin
grafts with morphological differences up to the ninth day after transplantation

graft especially in the early postoperative phase. In our investigations in-
flammatory reactions and the intensity of bleeding were fewer in sealed than
in nonsealed grafts. By contrast, Edinger et al. (1982) observed severe
inflammatory reactions in sealed grafts compared to nonsealed grafts in
experiments in rabbits. This was suggested to be due to foreign body reac-
tions in the transplant area. In our opinion this foreign body reaction can
be explained by the use of a human cryoprecipitate as glue which is a
heterogeneous protein component of animals. Therefore due to an antigenic
effect an antigen-antibody reaction is induced. This was not the case in our
investigations.

With increasing time intervals up to the ninth day after first transplanta-
tion, no substantial morphological differences were seen in the histological
appearance of sealed and nonsealed specimens. Exogenous fibrin glue is
demonstrated as a fresh red colored clot in the early postoperative phase.
With an increasing postoperative time interval, a change in the staining
color of fibrin, from red to blue, can be observed. The exogenous fibrin glue
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is detectable up to the ninth day after surgery. MSB-Lendrum staining is
the most sensitive staining method for demonstration of endogenous and
exogenous fibrin (Dinges et al. 1979, 1980). After 9 days exogenous fibrin is
resorbed completely.

According to histological examinations and clinical studies, the use
of fibrin glue in skin transplantation of burned patients is not injurious.
However, the demonstrated histological results concerning proliferation of
granulation tissue, inflammatory reaction and bleeding are preliminary due
to the small number of cases.
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Reepithelialisation of Wounds

1.M. Leigh

Introduction

Reepithelialisation of wounds involves a number of different processes
affecting the biology of the keratinocyte. Following breaching of the epi-
dermis the keratinocytes must first migrate across the surface of the denuded
area, then mitosis must occur close to the edge to expand the population
(Odland and Ross 1968; Krawczyck 1971; Clark 1985). Once keratinocytes
have covered the defect they must establish a basement membrane zone,
which aids keratinocyte attachment. Then stratification and differentiation
must occur to normalise the newly regenerated epidermis. Subsequently the
dermis is remodelled, which also involves the keratinocytes by keratinocyte-
mesenchymal interactions mediated by cell contact, diffusible cytokines
and extracellular matrix proteins. Replacement of a denuded area of skin by
different forms of skin grafts, including keratinocyte sheets, will accelerate
the epithelialisation process. These biological processes of keratinocytes will
be discussed following an introduction to keratinocyte culture, which provides
the basis for many observations applicable to wound healing.

Keratinocyte Culture as a Model of Wound Healing
and for Grafting

Basal keratinocytes can be separated from a mixed epidermal cell suspension
and will differentially attach to a tissue culture dish. In the optimal culture
conditions, described by Rheinwald and Green (1975), both a feeder
mesenchymal mouse 3T3 layer (Alitalo et al. 1982) and mitogens are pro-
vided in a serum containing nutrient medium (Rheinwald and Green 1975).
The keratinocytes attach to the dish. Individual keratinocytes then divide to
form colonies which migrate across the dish to form confluent stratifying
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sheets (Green et al. 1979). This process mirrors what happens at the edge
of a healing wound and can therefore be used to investigate the factors
stimulating keratinocyte migration and proliferation. Epidermal growth
factor and transforming growth factor-a (TGF-a) increases the lateral migra-
tion of colonies (Barrandon and Green 1987). Other factors also stimulate
growth including cyclic AMP elevating agents, such as cholera toxin (Green
1978), and transferrin which are routinely added to the culture medium. The
keratinocytes can be removed by trypsinisation and repassaged for about 50
population doublings, before normal cells senesce. Following establishment
in culture, the keratinocytes can be replated in different culture conditions.
Low levels of extracellular calcium reduce the ability of keratinocytes to
stratify by loss of desmosomal connections, so the cells grow as a monolayer
(Hennings et al. 1980; Boyce and Ham 1985). Keratinocytes cultured on
plastic are activated and produce a wide range of cytokines, which form
complex autocrine loops of growth promoting and growth inhibiting signals
(Kupper et al. 1988).

The stratification obtained in the 3T3 feeder system is incomplete, with
no formation of a stratum granulosum and stratum corneum or expression of
differentiation markers such as membrane coating granules (Holbrook 1989),
so the factors influencing differentiation require different culture conditions.
The addition of a collagenous substrate (to make a skin equivalent) increases
morphological differentiation with the formation of a cornified layer, and
the thickness and organisation of this terminal differentiation is increased by
adding fibroblasts, either to the undersurface of the matrices or incorporated
within them (Bell et al. 1983; Mackenzie and Fusenig 1983). Most matrices
are based on collagen (human, rodent or bovine) often stabilised by the
addition of other matrix proteins such as chondroitin sulphate (Burke et al.
1981; Boyce and Hansborough 1988). Deepidermalised live or cryopreserved
dermis can also be used as a substrate for keratinocytes, which promotes
good morphological differentiation (Pruneiras et al. 1983; Asselineau and
Pruneiras 1984). An additional feature of keratinocytes cultured on matrices
is that basement membrane components are synthesised, including hemi-
desmosomes. In all culture systems the keratinocytes continue to proliferate
rapidly, the cell cycle in culture (Albers et al. 1986) being around 22h.
Keratinocytes express a pattern of differentiation characteristic of hyperpro-
liferative skin. From these studies in vitro we can make a number of
observations about wound repair: that the reepithelialisation of wounds
is preceeded by keratinocyte activation, adoption of the hyperproliferative
phenotype and keratinocyte migration.

Keratinocyte Migration

In vitro, the migration of keratinocytes in response to changes in substrate
can be examined. Keratinocytes in low calcium culture conditions were
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examined in a migration assay with a variety of substrates including albumin,
types I, IV and V collagen, heparan sulphate proteoglycan and fibronectin.
Migration of basal keratinocytes occurred when the cells were in contact
with fibronectin and collagens type I and IV, but was inhibited when the
keratinocytes were in contact with laminin. The keratinocyte migration
index was maximal on type IV collagen and completely inhibited by laminin.
Laminin may therefore act as a stop signal for keratinocytes to prevent them
from migrating (Woodley et al. 1988; O’Keefe et al. 1984, 1985). In time
lapse photography of keratinocyte culture, the keratinocytes which are
migrating will have a flattened appearance with pseudopodia projecting in
the direction of movement, and indeed individual keratinocytes may migrate
away from the moving edge of keratinocyte colonies to patrol the advancing
area. Interaction between keratinocytes and mesenchyme depends on cell
surface receptors or integrins binding and directing the specific connective
tissue components (Hynes 1987). In cultured keratinocytes a2f81 and a381
mediate adhesion to collagen and laminin, @581 mediates adhesion to
fibronectin and avf5 is a vitronectin receptor (Adams and Watt 1991);
Carter et al. 1990). Extracellular contact with fibronectin also inhibits
terminal differentiation (Adams and Watt 1989).

In normal skin the dermis contains collagen, elastic fibres, endothelial
cells, fibroblasts and extracellular matrix proteins including heparan sulphate
proteoglycans. The basement membrane zone separates the epidermis from
the dermis and mediates epithelial-mesenchymal interactions. In normal
skin integrin expression is largely confined to the basal layer, expressing
a2B1, a3p1, a5p1, a6f4 and avpS. During wound reepithelialisation
keratinocyte migration proceeds laterally both from the edge of a wound
and from the hair follicle appendages correlating with changes in adhesive-
ness (Grinnell 1992). On wounding, the basement membrane is ablated and
keratinocytes will have to migrate across the matrix which contains high
levels of plasma and tissue fibronectin (Clark 1990). Keratinocytes from
intact skin adhere poorly to fibronectin but keratinocytes from a wound bed
adhere well to fibronectin (Takashima and Grinnell 1985). The wound bed
also contains altered matrix components. Alternatively spliced fibronectin
(IIT CS) is synthesised by fibroblasts in the upper dermis, but there is also
induction of novel components. Tenascin is an extracellular matrix protein
which is found in focal condensations at the tips of dermal papillae in
normal skin but which is widely expressed in the dermis during wound
healing, tumour invasion and epidermal hyperproliferation such as psoriasis.
These proteins may also play a role in directing keratinocytes as they appear
at invasive sites.

Keratinocyte integrin expression is altered in wound healing. The
fibronectin receptor is expressed by keratinocytes migrating from explants
(Guo et al. 1990), and following suction blister injury there was a striking
alteration in the distribution of integrins, normally restricted to basal
keratinocytes. At the time of wound closure a3 and 81 integrins were found
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suprabasally at 3 days following injury and a6 at 4 days then a2 (Hertle et
al. 1992). Integrins may be up-regulated by cytokines and growth factors in
the wound bed (Nathan and Sporn 1991).

Keratinocyte Proliferation

The normal epidermis comprises a proliferative basal layer of keratinocytes
and suprabasal compartment of terminally differentiating keratinocytes
(Fuchs 1990). In a steady state basal cells divide infrequently to replace
corneocytes shed at the epidermal surface. The proliferative population
appears to arise from a number of slow cycling stem cells in protected sites
such as the hair follicle, and undergoes a limited number of amplifying
divisions before becoming postmitotic (Potten and Morris 1988). There is a
tremendous reserve capacity for increased numbers of amplifying divisions
on demand. The epidermis becomes hyperproliferative in many skin dis-
eases, but particularly psoriasis, when the cell cycle time is approximately
50h and the epidermal turnover reduces to 24h (Weinstein 1975). When
epidermis is injured, for example by gentle sustained suction, there is
minimal dermal damage as the suction splits the skin through the lamina
lucida of the basement membrane zone, and the dermis is not overtly
disrupted (Hunter et al. 1974). There are however subtle changes in dermal
neuropeptides and vasoactive peptides (unpublished data). Reepithelialisa-
tion starts to occur by migration of the edge between 12 and 24 h. It is likely
that alteration in cell shape and rigidity by altering the cytoskeleton to a
more plastic form is a prerequisite for this migration to occur. Subsequently
mitosis occurs away from the migrating edge. During repair from suction
blister injury (Mansbridge and Knapp 1987), although the blister edge
epidermis contributes to reepithelialisation, regeneration also proceeds from
the appendages particularly the hair follicle (Lane et al., in preparation). A
potent stem cell population has been known to occur in the hair follicle from
work on epidermal regeneration following radiation (Withers 1967). Recent
studies have suggested that this population occurs in the upper part of the
deep outer root sheath at the site of attachment of the erector pili muscles:
the bulge region (Cotsarelis et al. 1990). During the hair cycle, anagen
follicle and secondary trichocyte differentiation proceed from this point.
Following suction blister injury, the bulge region of the regenerating hair
follicle becomes irregularly expanded in outline suggesting that this plu-
ripotential region is contributing to the follicular regeneration.

Much of the knowledge about epidermal growth has come from studies
in vitro where the effects of growth factors, hormones and nutrients in the
tissue culture medium can be studied under controlled conditions. The
growth requirements in vitro include nutrients, particularly amino acids,
carbohydrates, vitamins and nucleic acids, lipids and low molecular weight
trace elements. The addition of serum is necessary for growth of most
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keratinocytes in vitro, but pH, oxygen tension and temperature of the media
have to be considered also. Standard growth culture medium contains those
factors known to stimulate keratinocyte growth, in particular epidermal
growth factor, triiodothyronine, hydrocortisone, bovine brain extract,
insulin, transferrin and trace elements. Keratinocytes can be cultured in the
absence of serum in the presence of many growth factors including a bovine
pituitary extract which contains a number of growth promoters (Boyce and
Ham 1985).

Keratinocytes in vitro are activated and synthesise a range of cytokines,
small peptides which act as biological mediators and intercellular messages
to promote cell proliferation, alone or in concert by binding to specific cell
surface receptors. They are multifunctional molecules acting on different
cells in different ways; for example TGF-f promotes fibroblast growth
whereas it inhibits keratinocyte growth. Hyperproliferative epidermal
keratinocytes are therefore activated and secrete a large range of cytokines
which promote keratinocyte growth via autocrine loops. These activated
keratinocytes clearly differ in phenotype and behaviour.

As determined from keratinocyte studies in vitro, there are a large
number of cytokines/growth factors which could potentially aid reepithelia-
lisation in vivo either by direct effects on keratinocyte growth and migration
or indirectly through effects on mesenchymal cells, such as enhancing
vascularisation. The wide range of growth factors which have an effect on
keratinocytes can now be produced by recombinant DNA technology and
can be added to the surface of the wound. They may act singly, in concert
with other growth factors or by initiating a cascade of growth factors (McKay
and Leigh 1990). The growth factors which have been shown to enhance
keratinocyte growth in vitro are shown in Table 1 and some of these have
been shown also to enhance epithelialisation in animal models. Major growth
factors likely to promote epithelialisation are TGF-a (Schultz et al. 1987),
interleukin-1 (IL1) (Mackenzie and Sauder 1990) and interleukin-6 (IL6)
(Grossman et al. 1989). However, other growth factors such as TGF-g
(Sporn et al. 1983) and platelet derived growth factor (Lynch et al. 1987)
affect the wound, predominantly through the mesenchymal component of
the wound bed with enhanced angiogenesis and the promotion of granula-
tion tissue which may then have a secondary effect on the epithelialisation.
On the whole, however, the wound bed will contain a large number of
growth factors and the addition of growth factors to the surface may not
perhaps produce a consistent reproducible result. There is very little known
about the expression and role of growth factors in normal and pathological
wound healing, and these data are required before the interpretation of the
growth factor responses. It is clear that the keratinocytes in vitro and in
wound healing do secrete large amounts of TGF-a, IL1 and IL6, which form
autocrine loops amplifying keratinocyte production of growth factors and
growth factor receptors. Growth factors may potentially promote the growth
of tumours if they were present in the wound, and of course there is a risk of
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Table 1. The growth factors produced by keratinocytes (P) and
those where biological response to growth factors (R) has been

demonstrated

Growth Factors

Keratinocytes

Families

Members

P

~

FGF

EGF

PDGF

TGF-8

TNF-a

IL-6

SIG

Small peptides

Others

aFGF
bFGF
KGF

EGF
TGF-a
AR
HB-EGF
PDGF AA and BB
VEGF
TGF-f1
TGF-$2
TGF-$3
TNF-a
TNF-$
IL-6
ONCO-M
G-CSF
MCAF
MGSA
IP-10

IL-8
Endothelin
EIP
Epithelin-1
Bradykinin
IL-1

SF
GM-CSF
M-CSF
MULTI-CSF (IL-3)
IL-4

IL-10
NGF
IGF-1
IFN-y

+ 2

I+ 4+ 1 +++ 1+ 4+ 4+ ++++++2+ 1 ++++++ 1 ++ |

> >

o+ 4+ + + + + +

I+ + + + 24

4+ 4+ + + + >+ |

+ o+ o+

tumour development in chronic ulceration, so it is clearly of utmost im-
portance to exclude the presence of any tumour before any forms of growth
factor treatment. Also there are potential harmful effects from the systemic
absorption of growth factors and the promotion of distant tumours, as well
as systemic effects such as on the acute phase response. Therefore growth
factors need to be assessed cautiously before going into widespread clinical

use.
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Keratinocyte Growth Inhibition

Interferon-y has many effects on keratinocytes which can be both immu-
nomodulatory and growth regulatory (Nickoloff et al. 1991). Exposure of
keratinocytes to interferon-y caused the induction of class II HLA antigens
on the cell surface and ICAM 1 expression (Barker et al. 1990). The
presence of interferon-y, however, is inhibitory to keratinocyte proliferation
and reduces keratinocyte maturity, extracellular matrix production and
responsiveness to growth factors. During cutaneous wound healing there has
to be a phasic response once reepithelialisation is complete. As interferon-y
can inhibit keratinocyte migration and proliferation, it could be a trigger for
decreased keratinocyte growth late in the wound healing response. Addition
of gamma interferon exogenously to a wound will inhibit wound healing.
Nickoloff et al. (1991) has suggested that when keratinocytes become acti-
vated following epidermal injury and disruption of the basement membrane,
this activation is associated with ICAM 1 expression and low levels of pro-
duction of chemotactic factors such as IL8 and NCAM. As the keratinocytes
become exposed to the extracellular matrix, including fibronectin from
platelets, the infiltrating cells provide those cytokines which stimulate
keratinocyte movement, proliferation and inhibition of terminal differentia-
tion. At this time there are low levels of growth inhibitory cytokines, such as
interferon-y, however, later, when there is an acute inflammatory response
with activated lymphocytes and monocytes, these increase in amount and
eventually produce an inhibition of keratinocyte proliferation and induction
of differentiation.

A further keratinocyte growth inhibitor is TGF-§ but this is detected
early after wounding in suction blisters and in hypoxic wound edge; therefore
it may have more effect on migration than growth. The promotion of
granulation tissue and increased tensile strength in incisional wounds
produced by TGF-£ is also of importance (Mustoe et al. 1987).

Keratinocyte Attachment: Basement Membrane Components

In normal skin the basal keratinocytes are in contact with the basement
membrane zone (Briggaman and Wheeler 1983), which comprises plasma
membrane bearing hemidesmosomes, electron lucent lamina lucida, which
contains particularly laminin and the extracellular portion of bullous pem-
phigoid antigens (BP Agl and 2). Below this lies the lamina densa compris-
ing type IV collagen and heparan sulphate proteoglycan from which the
anchoring fibrils stretch into the epidermis and loop into a pattern in-
terdigitating with interstitial collagens. When the skin is wounded this
basement membrane is damaged, as already discussed. Keratinocytes use
fibrin and fibronectin as the framework on which they move. Many of the
basement membrane zone proteins can subsequently be synthesised by
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keratinocytes so when they have completed migration and filled a defect,
basal keratinocytes will resynthesise and reorganise a basement membrane
zone of components which then aid keratinocyte anchorage (McGrath et al.
1992).

Keratinocyte Differentiation

Normal skin undergoes a programme of terminal differentiation, which
entails epibasal synthesis of differentiation specific keratins (1 and 10).
Higher in the epidermis the precursors of the cornified envelope particularly
involucrin can be detected beneath the cell surface membrane (Fuchs 1990).
In hyperproliferation such as psoriasis and wound healing, the epidermis
undergoes an alternative programme of differentiation, with a reduction in
synthesis of differentiation related keratins and the expression of a new pair
of keratins (6 and 16) (Weiss et al. 1984).

Extracellular factors can influence the stratification and differentiation
of the epidermal keratinocytes in vitro. The lowering of extracellular calcium
causes the suprabasal keratinocytes to lose their adhesion and shed from the
culture leaving a monolayer of keratinocytes which lose their desmosomal
interconnections and develop wide intercellular spaces. In human kera-
tinocytes, stratification is inhibited but terminal differentiation is still initiated
as larger cells express the envelope precursor involucrin. On restoration of
1.2mM calcium these larger cells move suprabasally as the desmosomal
connections reform. A calcium gradient exists in normal skin. Retinoids also
have effects on squamous differentiation, both from effects on keratins and
envelope proteins. There is a down-regulation of keratins 1 and 10 and an
up-regulation of keratin 19 in vitro. Administration of retinoids to patients
results in a mucous metaplasia.

Following wounding, such as suction blisters, the hyperproliferative
keratins can be detected by immunohistochemistry by 12h after wounding
and persist for 7-10 days (Lane et al., in preparation). Following deeper
wounding with ablation of the basement membrane, such as partial thick-
ness and full thickness wounds, the hyperproliferation phenotype persists for
longer: up to 6 months following grafting.

Keratinocyte Mesenchymal Interactions

In addition to the specific effects of extracellular matrix proteins on kera-
tinocyte behaviour, there remain other well established but poorly un-
derstood effects of mesenchymal tissues on keratinocyte growth and tissue
specific differentiation, both in development and in established adult tissues
(Mackenzie and Hill 1984). These mesenchymal influences may be directive,
to tell the keratinocytes how to differentiate, or permissive, to allow in-
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trinsic differences between keratinocytes to occur. Early studies showed that
corneal, oral and epidermal keratinocytes retained specific characteristics in
vitro, but these were optimally expressed when grafted back into an ap-
propriate tissue environment (Sun et al. 1983). Some of these directive
effects can be observed in keratinocyte coculture when pieces of regional
connective tissue or cultured fibroblast populations can to some extent direct
keratinocyte differentiation (Mackenzie and Sauder 1990). The role of cell
to cell contact with specific subpopulations of fibroblasts high in the papil-
lary dermis is currently under investigation. Specific interactions between
endothelial cells and keratinocytes may possibly occur, but so far studies
have shown that keratinocytes induce angiogenesis by the release of specific
factors, and little has been found concerning specific influences of vascular
endothelium on keratinocytes, although endothelial activation occurs early
in any inflammatory or wound healing response. In addition to general
influences of mesenchyme on keratinocytes, the presence of keratinocytes
will influence the pattern of dermal remodelling. Following keratinocyte
grafting remodelling is slow (Compton et al. 1989), but where a dermal graft
is used as the basis for keratinocyte attachment, dermal remodelling and
reinnervation occur under the graft. This suggests that keratinocytes have
directive inflences on dermal remodelling. Recent manipulation such as the
use of neutralising antibody to TGF-f# has shown that intervention in scar-
ring can be successfully achieved. Scarring does not occur in foetal skin and
this is providing a fruitful area for study (Whitby and Ferguson 1991).

Why Does Reepithelialisation Fail?
Chronic Nonhealing Wounds

Most incisional wounds will heal with adequate care particularly using the
new synthetic dressings that provide a moist wound healing environment
(Carver and Leigh 1992), but there are groups of chronic nonhealing wounds
which provide a significant problem. These include chronic leg ulcers and
pressure sores.

Pressure Sores

Pressure sores result from sustained compression over 30 mm Hg upon skin
over bony prominences. The state of the patient’s nutrition, infirmity and
other factors influence susceptibility to necrosis. The problem concerns the
elderly, the neurologically disabled and the very sick of all ages. Adequate
pressure relieving measures early in an admission will prevent many cases,
but 60% of patients are admitted with pressure sores. Reepithelialisation
will not occur in the deep full thickness wounds until the dermal defect is
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repaired and the vascular granulation tissue forms a good bed for kera-
tinocyte migration, although some reduction in the area of the wound can be
obtained by wound contraction. Failure to reepithelialise often results from
failure to adequately relieve pressure by the provision of pressure relieving
mattresses and wheelchair cushions. Extensive deep pressure ulcers should
be treated surgically to expedite progress, but superficial wounds will usually
respond to appropriate wound care.

Leg Ulcers

Chronic venous hypertension secondary to loss of deep vein valve function
produces morphological changes in the cutanous vasculature, with thicken-
ing of the wall and the production of a fibrin matrix cuff around the vascu-
lature, which together with white cell microthrombi produces necrosis of
skin in the stasis areas above the malleoli. Leg ulcers increase in prevalence
in the elderly and are aggravated by nutritional problems, obesity, immo-
bility, and additional arterial disease. Reepithelialisation will readily occur
in the majority of venous ulcers if adequate sustained external compression
is provided. However reulceration is common and recurrent ulcers eventually
become nonhealing, and fail to reepithelialise. A common reason for failure
is the lack of external compression and this has been addressed in a large
multicentre community programme, which showed that an enthusiastic ap-
proach to compression bandaging can successfully heal 85% of ulcers.

Why some chronic wounds do not heal is an underinvestigated field. It is
clear that a holistic approach to wound healing is required. The whole
patient and the environment have to be investigated, from the provision of
bandages and pressure relieving devices, to the correction of malnutrition,
anaemia and other systemic contributory factors. Even after correcting these
factors there are still patients whose skin fails to heal. We need to know
about the basic biology of this. Is the epidermis failing to regenerate because
it has lost the capacity to respond to growth stimuli such as TGF-a? Is it
exhausted or are there major growth or migration inhibitory factors being
expressed such as TGF-f and interferon-y? Is this an adynamic or hyper-
dynamic state? Is there excessive proteolysis or a failure of proteolysis?
Until we know the answers to many of these basic questions we cannot plan
rational therapy for the individual but have to use empirical general methods
of management.

Replacement of Epidermis by Grafting

Once a patient has been hospitalised for the failure of the wound to respond
to dressing regimes, split skin grafting, or flap grafts provide a rapid way of
reepithelialising a wound and closing the defect to rehabilitate the patient
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rapidly. Classical split skin or mesh grafts require a painful donor site and
time in theatre. Pinch grafts involve taking 2-3mm pieces of skin and
planting them across the wound surface. This is done under local anaesthetic
and provides a minor donor site. It can be performed at the bedside and in
the community (Poskitt et al. 1985). Once the ulcer has healed following
grafting, strenuous aftercare is needed to prevent recurrence: the wearing of
fitted supporting stockings or pressure relieving devices for example (Blair
et al. 1988b).

Since keratinocytes can now be grown into sheets in vitro, as discussed
above, they can be used for keratinocyte grafting. Autologous keratinocytes
were first used to graft burns patients in the early 1980s (O’Connor et al.
1981), and although this can clearly be used as a form of permanent skin
replacement, the clinical results are still highly variable (Phillips 1988; Leigh
et al. 1991). The take of keratinocyte grafts onto chronic wound beds is
poor, probably around 20% ~30%. The keratinocytes are very vulnerable to
superinfection and to treatment with disinfectants, both of which are toxic to
keratinocytes in vitro (Tatnall et al. 1990). Many factors have yet to be
rigorously investigated which may enhance keratinocyte graft take, including
the type of keratinocyte graft, the time from establishment in culture, the
backing dressing and the role of the provision of the dermal component.
Skin equivalents can be used for skin grafting but they have to be produced
after expansion of the primary keratinocyte population so they take a long
time to develop. One stage composite grafting has been used to treat leg
ulcers (Moll et al. 1991), burns (Hull et al. 1990; Hansborough et al. 1989)
and in animal studies (Bell et al. 1983), but the results are also rather
variable. However, as pointed out earlier (Cuono et al. 1986, 1987; Heck et
al. 1985), the take of keratinocyte autografts on a dermal bed which has
been pretreated with cadaver skin, to provide an integrated dermis, is highly
successful and increases the average take rate to 60%-90%. Therefore
recent studies have been performed involving two stage keratinocyte graft-
ing in both humans and pig, which do indeed show that the dermis is crucial
in the take of keratinocyte autografts. In fact, many of the initial patients
treated did receive the standard dressing of cadaver graft skin whilst await-
ing expansion of the keratinocytes for autografting which may explain early
accounts of successful results.

Keratinocyte allografts were suggested to be a successful means of
transplanting keratinocytes from one patient to another and these were used
clinically in burn patients and leg ulcers widely in the 1980s (Phillips 1988).
The interpretation of the results was complicated by an effect on wound
healing which appears to be due to growth factors produced by the kera-
tinocyte grafts. It is clear from DNA based studies that keratinocyte al-
lografts do not survive transplantation (Brain et al. 1989; Burt et al. 1989)
and therefore the major effect of keratinocyte allografting is on the promo-
tion of wound healing and possibly vascularisation of the dermal bed.
Therefore there are two different results from keratinocyte grafting. Kera-
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tinocyte autografts can be produced as stable grafts whereas keratinocyte
allografts provide a wound healing dressing material. The investigation into
the use of these materials in all types of chronic wounds is continuing and
will be an interesting part of the 1990s.

Prevention Is Better Than Cure

There are many simple therapeutic measures which can be performed even
at the present time to improve the healing progress and reepithelialisation of
chronic wounds. These include the delivery of adequate compression support
bandaging and stockings to the chronic venous ulcer patient and the provision
of adequate pressure avoidance regimes to the patients who are at high risk
of developing pressure ulcers. The community delivery of this type of care is
probably more important than the development of new materials with
marginal effects. Wound care services in the UK have been scattered across
hospital and community services and a move is taking place to try and
coordinate these into properly planned wound care services and wound care
units. There is no doubt that in the Riverside Project (Blair et al. 1988a)
where there was a considerable coordinated delivery of compression ban-
daging to a large number of venous ulcer patients, high performance in-
dicators were set with approximately 85% of venous ulcers healing within 12
weeks. The administration of this effective community programme will also
reduce the costs of health care substantially as well as improve patient
management. So, fundamentally, the prevention and treatment of wounds in
community based services needs to be dramatically improved, and pressure
ulcer wounds, for example, need to be on the agenda at every point of
patient care and hospitalisation, including the emergency room.
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Pathophysiology of Wound Healing
in Venous Leg Ulcers*

J.R. Mekkes and W. Westerhof

Pathogenesis

Venous ulceration is a common problem in clinical practice. Although it is
quite clear that venous insufficiency is the underlying cause, the exact
pathogenetic mechanism is still not fully understood and definitively very
complex.

Since 1868, when John Gay [1] described the relation between venous
thrombosis and ulceration for the first time, several theories about the
pathogenesis of venous ulceration have been developed, and new hypo-
theses are added each year. Some of these theories are listed in chrono-
logical order in Table 1.

Deep venous thrombosis, amongst many other primary or secondary
conditions affecting the venous valves, may result in venous insufficiency.
The flow of blood back to the heart is disturbed, leading to high blood
pressure in the veins. Pitting edema will be the result, but edema is not a
single cause of ulceration, since ulceration is rarely observed in pitting
edema due to cardiac failure. Homans’ [2] suggestion that stagnation of blood in
tortuous and dilated veins causes tissue anoxia and skin necrosis was never
proved using modern laboratory investigations. The same goes for the con-
cept of arteriovenous shunting.

A major contribution to the problem of unraveling the pathogenesis was
the work published by Browse and Burnand [6—-9]. They suggested that the
high ambulatory pressure is transmitted to the capillary bed and enlarges the
pores between endothelial cells, thus allowing large molecules to escape into
the interstitial fluid. Among these fibrinogen is supposed to be most im-
portant because it is deposited as fibrin around capillaries. They postulated

*This text contains fragments of “Leg ulcers: diagnosis and treatment” W. Westerhof (ed)
Elsevier, Amsterdam 1993
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Table 1. Theories about the pathogenesis of venous leg ulcers

Author(s) Cause
Gay [1] Deep venous thrombosis
Homans [2] Stagnation of blood flow in superficial dilated veins
Linton [3] High blood pressure in veins
Brewer [4] Arteriovenous shunts
Fearnley [5], Browse et al. [6] Decreased fibrinolytic activity
Browse [7], Burnand et al. [8], Fibrin cuff around capillaries
Browse and Burnand [9]
Fagrell [10] Tissue microedema blocking normal nutritional pathways
Ernst et al. [11] Blood viscosity hindering venous perfusion
Franzeck et al. [12] Occlusion of capillaries due to microthrombi
Thomas et al. [13], Coleridge et al.  Occlusion of capillaries due to leukocyte aggregation
(14]
Ackerman et al. [15] Catalysis of free radicals and O; radicals by iron

that the fibrin cuff around the capillaries blocks the diffusion of oxygen. This
theory is not completely satisfactory, because it is unlikely that the mesh-
like structure of the large fibrin molecules forms a barrier to the small
oxygen molecules.

We measured transcutaneous pO, in a series of patients with venous leg
ulcers and noticed an immediate increase in pO, in the tissue when the
patient was in a horizontal position and an even more pronounced increase
during walking with nonelastic compression as compared to measurement in
an edematous standing leg. This cannot be explained by a sudden disap-
pearance of the fibrin cuff, nor by an instant drop in tissue edema. It can
only be explained by an abrupt end to the venous congestion, a restoration
of blood flow through the subepidermal capillary bed resulting in improve-
ment of all conditions necessary for normal wound healing.

Disturbed rheologic conditions may lead to reduced blood flow and
eventually may cause entrapment of white or red cells in the capillaries.
Microthrombi can be visualized histologically in venous leg ulcers. They may
give rise to rarification of blood vessels. A quantitative assessment of this
phenomenon is still missing. Perivascular deposition of erythrocytes ulti-
mately causes an increase of iron in the skin in chronic venous insufficiency.
Hypothetically this could cause an increased release of free radicals, which
would explain the tissue damage and eventually ulceration.

The numerous aforementioned pathogenetic mechanisms clearly de-
monstrate that there is no unifactorial explanation for the ulceration in
venous insufficiency patients. It could well be that venous ulceration is
caused by a multifactorial process. It is attractive to describe a sequential
process based on various factors (Fig. 1), rather than to come up with a
theory based on a single factor.
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Fig. 1. The multifactorial concept of the etiology of venous ulceration

Most chronic leg ulcers are caused by insufficiency of the deep venous
system, or the perforating veins. Superficial vein insufficiency (varicosis) is
often associated, but does not lead to ulceration [16]. Normally the pressure
in the venous system is low (approximately 30 mm Hg) [7]. When the deep
or perforating veins are insufficient, the systolic pressure in the superficial
veins is considerably higher (60—80 mm Hg), especially during contraction of
the calf muscles [16]. This induces morphological changes in the capillaries,
resulting in capillary leakage [17-19].

Due to the venous hypertension, which exceeds normal values by 40—
60mm Hg, there is increased transudation of serum in the capillary bed,
resulting in pericapillary edema. Normally the transudation on the arterial



64 J.R. Mekkes and W. Westerhof

side of the capillary bed is counterbalanced by the resorption of serum at the
venous side. An increased amount of protein-rich extracellular fluid is
drained via the lymphatic vessels. In case of venous hypertension this system
easily becomes overcharged and blocks. Consequently, the interstitial tissue
fills with fluid, debris, lipids, and proteins [20]. This may interfere with
oxygen (carbon dioxide) exchange at the cellular level in the tissues. Edema
itself is a cause of nutritional impairment, because it lengthens the distance
for diffusion. The same might hold for waste products. Hypoxia of the tissue
is the result. In a chronic situation this is probably aggravated by fibrin
transudation and the formation of a fibrin cuff around capillaries. After a
short time fibroblasts grow into this cuff and form a fibrous tissue. The
clinical situation is termed lipodermatosclerosis. When edema develops in
this superficial and often circular rigid tissue, the tissue pressure can become
so high that numerous capillaries become compressed, giving rise to flow
through limited numbers of shunts that do not contribute to the oxygen
supply of the epidermis.

The process of pericapillary fibrin formation, lipodermatosclerosis and
fibrosis may continue for years without development of leg ulcers. But when
the state of atrophy blanche is reached spontaneous ulceration may occur.
Atrophy blanche must be considered as an extreme form of lipodermato-
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sclerosis. There is a progressive reduction of the capillary bed probably due
to microthrombi resulting from sludging of the blood (red and white blood
cells) [12, 21, 22]. In most instances a minor trauma initiates the ulcer (Fig.
2). The capacity of the tissue to repair this defect is simply absent. Infection
consumes oxygen, initiates the complement cascade and tissue damage is the
result. Necrosis itself might also sustain complement activation and maintain
the downward spiral of tissue damage. Granulocytes are attracted to cause
further damage. Macrophages, which play a key role in tissue repair, ap-
parently are not able to migrate into the inflamed tissue around the defect in
sufficient amounts.

Wound Repair

The process of wound repair can start when the patient is bed-ridden or
when nonelastic compression is applied. We therefore assume that the
temporarily disturbed wound healing is a local event. It is well known that in
patients suffering from venous leg ulcers wound healing is not disturbed in
other regions, e.g., above the calf.

The so-called disturbed fibrinolytic activity in patients with venous leg
ulcers is an epiphenomenon of the infection in the ulcer rather than a patho-
genetic factor. In our opinion preparations like stanazolol do not have a
place in leg ulcer treatment and must be considered dangerous because of
their side effects.

When the leg is raised, approximately to the level of the heart, or when
nonelastic compression is applied, we see restoration of the wound healing
capacity and apparently all the mechanisms involved in normal wound heal-
ing take place. The only thing we have to do as doctors is not to counteract
natural processes but to create a favorable situation for wound healing and,
where possible, speed up the different steps. These include:

— Antiseptics (cave cytotoxicity)

— Debridement (surgical, mechanical and enzymatic)

— Creation of an optimal wound environment

— Improvement of the general condition and nutritional state of the patient
— Growth stimulation

— Grafting methods

— Preventative measures

Antiseptics

Ulcers are full-thickness defects of the skin without any tendency for healing.
Often the tissue damage increases due to infection. This becomes apparent
as a red painful swelling of the surrounding skin. The ulcer exudate which is
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abundant in venous leg ulcers is an excellent culture medium giving rise to
pus formation.

Usually, wet dressings containing 10% povidone iodine, 1% chlor-
hexidine, 2% acetic acid or other antiseptics are sufficient to eliminate
contaminating bacteria. Certain antiseptics are cytotoxic and delay granul-
ation tissue formation. An example is hydrogen peroxide. The molecular
oxygen is not only toxic to bacteria, but also to human cells.

Only Streptococcus pyogenes and some strains of Staphylococcus aureus
require systemic treatment. The choice of antibiotics should be based on the
resistance pattern of these bacteria. In general local treatment with anti-
biotics is contraindicated because of the risk of poor penetration of these
drugs through the slough of the ulcer. Under these circumstances resistant
bacteria may develop. Finally topical application of antibiotics may induce
contact eczema. Wet dressings serve as a carrier for antiseptic solutions,
absorb pus, bacteria and soluble constituents of debris. With every change
of dressings (usually three times daily) some necrotic tissue adheres to the
gauze and is mechanically removed.

Debridement

As already explained necrosis inhibits wound healing and needs to be re-
moved. Acute hypoxia as in arterial insufficiency gives rise to black necrosis.
This can be quickly removed surgically. There is a risk of removing healthy
tissue and cutting into blood vessels so that bacteria can enter the
bloodstream.

Yellow necrosis is caused by gradual and more chronic exerted hypoxia,
as in venous leg ulcers. This necrosis consists of fibrin, elastin, collagen, cells
and pus. Yellow necrosis cannot be removed by surgical methods without
causing damage to the granulation tissue. Efficient debridement can be
accomplished with proteolytic enzymes [23]. When the proteins are de-
graded into peptides and amino acids they become soluble and can be
absorbed by wet gauzes or other absorbing materials.

Occlusion

Provided that there is no severe infection in the wound occlusive dressings
can be applied. Their therapeutic effect is provided by the moist environ-
ment which is a favorable condition for wound healing, superior to wound
healing with crust formation or dessication. Apart from this it is assumed
that other physiological factors favoring wound healing are optimized. These
factors include: (a) natural proteolytic enzymes; (b) granulocytes/
macrophages; (c) growth factors.

It is important to stress that it does not matter whether these occlusive
materials are permeable to oxygen or not. The molecular oxygen of our
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atmosphere is of no importance to our tissue oxygenation as the gradual and
safe energy transfer can only take place via the bloodstream (hemoglobin).

Growth Stimulation

When the infection is under control and necrosis is removed, all attention is
focused on granulation tissue formation. Recently studies on the effect of
various growth factors have been published [24]. Most investigations were in
vitro or animal studies. Little is known about the physiological concen-
trations of these factors in serum or wound fluid or the sequence in which
they exert their influence. We therefore do not know whether conditions
with a reduced concentration of growth factors exist resulting in disturbed
wound healing.

Frequently new growth factors are discovered; additionally it has been
recognized that cytokines (more specific lymphokines) contribute signi-
ficantly to the wound healing process (Fig. 1). Finally research has been
done on chemical agents which recruit and stimulate macrophages, the
pivotal cells in wound healing.

All of these substances are still used only experimentally. It is known
that certain combinations of growth factors can shorten the process of
normal wound healing by 1 day. The effect of cytokines and agents having
an influence on macrophages will certainly be in the same range. In relation
to a total healing period of 4-8 weeks, a reduction of only 1 day is not
satisfactory, especially when considering the cost of these treatments (par-
ticularly growth factors).

Grafting Techniques

If ambulatory treatment of a venous leg ulcer with compression therapy fails
or would take too long it is advisable to perform skin grafting. We compared
split-skin mesh grafts to full-thickness punch biopsy skin grafts [25]. Venous
ulcers grafted with the punch biopsy technique will heal within 2-3 weeks,
regardless of their size. We found the punch biopsy method to be superior
with regard to graft take, the speed of the healing process, the quality of
the healed skin, and regarding the recovery time and the functional and
cosmetic aspects of the donor site, especially when the split skin is too deep,
which is often the case in the center. It is also superior considering the
simplicity of the technique which does not require a sterile operating theatre,
extra qualified nursing staff, expensive instruments, or sterilization facilities,
because the punches are disposable.

Since 1981 attempts have been made to graft cultured skin of autologous
origin. The results were poor due to the same reasons as with split-skin
grafts. The keratinocyte sheets do not take well on these contaminated and
exudative ulcers. When cultured heterologous epidermal sheets are used this
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is even more pronounced, due to the rejection phenomenon. It was proved
in several studies that no grafted cells could be demonstrated 7 days after
grafting [26].

We were the first group to succeed in grafting cultured autologous full-
skin equivalents in a series of leg ulcer patients [27]. We compared this
method with our well established full-thickness punch biopsy method. In
patients with leg ulcers sufficient donor skin is always available, which is not
the case in patients with extensive burns, where large areas may be involved.
The punch biopsy skin grafts took better, healed sooner and provided a
stronger less atrophic skin. The skin equivalent consisting of cultured epi-
dermis and dermis, rendered a smooth surface to the grafted wound (no
cobblestone aspect) and the donor site consisted of only two linear scars,
where the oval skin biopsies had been removed.

The methods involving skin culture can only be performed in well
equipped laboratories and require both expensive materials and instruments
and highly qualified lab personnel.

The development of universal cultured full-thickness skin, which can be
stored at moderate freezing conditions of, e.g., —20°C (freezing compart-
ment in ordinary refrigerator), is our next goal, but problems concerning
graft rejection and transmission of viral infections need to be solved first.

Prevention

All above mentioned measures and treatments are to no avail when the
underlying cause cannot be prevented. At present nonelastic and elastic
bandages and measured and made to measure elastic stockings are in-
dicated. Apart from compression, which exerts its action in several ways,
the bandages or stockings also protect against (micro-) trauma, which often
initiates ulcer formation. Correction of venous insufficiency will be possible
when valves can be implanted successfully. Easy accessible places for im-
plantation of artificial venous valves are the groin (vena femoralis) and the
knee (vena poplitea). The problem at present is the development of throm-
bosis after operative placement of the valve, due to the slow blood flow in
the venous system, and the rough defective surfaces at the site of the
sutures. With the therapeutic methods presently available for treating venous
leg ulcers, this ailment does not represent a problem anymore, and healing
of venous leg ulcers has become quite rewarding.
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Collagen Metabolism and Wound Contraction

G. Abatangelo, P. Brun, and R. Cortivo

Introduction

All wounds involve connective tissue and heal by the process called repair.
The events occurring in the repair process are such that the original con-
nective tissue architecture is lost. The new tissue, called repair tissue,
restores continuity within the wound space and consists first of granulation
tissue and later scar tissue. The latter shows several compositional and
architectural differences from the tissue native to the site. In all of the repair
phases, the connective tissue reaction is the principal event. Thus knowledge
of connective tissue biology is essential to understanding the repair process.

The architecture of the skin consists of two layers: a thin top layer called
the epidermis and a thicker inner layer called the dermis. With regard to
skin wound healing it must be noted that reepithelialization is another
crucial aspect of wound repair, since the epidermis is needed to reestabilish
the physiological barrier for the underlying dermis. The epithelial cells of
the wound edges detach themselves from the basal layer and become mobile,
spreading over the injured area (Fig. 1). After this, the cells proliferate,
deposit a new basement membrane and restratify to restore the original
epidermis.

Although the succession of parallel events which occurs after wounding
risks oversimplification, such modeling is necessary in trying to understand
the fundamental steps of such a complicated phenomenon (Fig. 2). Wound
repair starts with clot formation, followed by three fundamental phases:
inflammation, granulation tissue formation and matrix deposition. Epithe-
lialization is needed to cover the injured area of the skin, while maturation
and modeling of the scar are essential to restore the functional properties of
the dermal connective tissue. Many different cell types take part in all these
events, including platelets, inflammatory cells, fibroblasts, mast cells, endo-
thelial cells, and epithelial cells. Several factors are released by these dif-
ferent elements such as growth factors, cytokines, and chemoattrants.
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Fig. 1. Rat skin 24 h after wounding. Epithelial cells moving from the wound edges cover the
underlying granulation tissue

A very characteristic phenomenon of the healing process is represented
by wound contraction. This event is of great clinical importance in reducing
the size of the wound and consists of a progressive centripetal movement of
the edges of the wound by means of the retractile activity of the granulation
tissue. Fibroblastic cells are responsible for such tissue contraction in that
they undergo phenotypic modulation to become myofibroblasts.

Myofibroblasts and Wound Contraction

The contractile forces responsible for wound contraction were recognized in
the granulation tissue by Carell and Hartmann in 1916 [1] and collagen was
supposed to be the fibrillar component responsible for this property. Later
the observation that fibroblasts present in granulation tissue exhibited
morphological and functional properties intermediate between those of
fibroblasts and smooth muscle cells suggested that they might represent the
elements capable of generating the contractile force in wound movement
[2]. To these phenotypically distinct cells the name myofibroblasts has been
assigned. Many studies have been carried out in in vivo and in vitro models
to better understand this phenomenon. Bell et al. [3] set up an in vitro
equivalent of granulation tissue contraction consisting of fibroblasts dispersed
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within a hydrated collagen gel. After 24—48h the fibroblasts were able to
contract the gel as they extended and withdrew pseudopodia attached to
collagen fibers. Thus the fibers were drawn together toward the cell body
resulting in collagen condensation.

A peculiar and important connection between fibroblastic cells and
extracellular matrix is represented by gap junctions [4] and by the so-called
fibronexus described by Singer [5, 6]. The latter is a transmembrane complex
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made by intracellular microfilaments and extracellular fibronectin fibers
organized in close association with each other. In this case the movement of
the filamentous apparatus of the cells is transmitted to the surrounding
extracellular matrix.

Myofibroblasts represent the phenotypically defined cells which, by virtue
of their cytoskeletal organization, are able to produce forces strong enough
to contract wounds. Gap junctions between myofibroblasts represent the
major pathway for synchronization of contractile activities passively trans-
duced to the extracellular structures.

Recently, Gabbiani et al. [4], by evaluating cytoskeletal proteins in
fibroblastic cells of different soft tissue specimens, have proposed a classifi-
cation of four main phenotypes: (a) expressing vimentin (V cells); (b) co-
expressing vimentin and desmin (VD cells); (c) coexpressing vimentin and
a-smooth muscle actin (VA cells) and (d) coexpressing vimentin, desmin
and a-smooth muscle actin (VAD cells).

During wound healing, fibroblastic cells modulate toward a phenotype
containing vimentin and a-smooth muscle actin (VA cells) and this differ-
entiation is instrumental in activities such as wound contraction. When
the wound is closed there is a reversion to the quiescent forms (V cells).
In pathological conditions such as hypertrophic scars, fibromatoses, and
scleroderma lesions, all of the fibroblastic phenotypes are present. An
external stimulus is necessary to induce synthesis of new cytoskeletal macro-

Table 1. Myofibroblasts in diseases

Injury and repair
Liver cirrhosis
Burn contracture
Liver nodular hyperplasia
Hypertrophic scars
Tenosynovitis
Fibrous capsule and granulomas
Sarcoidosis, pulmonary fibrosis
Scleroderma

Nonmalignant and malignant proliferation
Dupuytren’s contracture
La Peyronie’s disease
Cardiac and abdominal fibromatosis
Fibromatosis
Elastofibroma
Lederhose’s disease
Desmoplastic reaction®

“This reaction is present in many epithelial tumors and is
characterized by proliferating fibroblasts with excessive collagen
production.
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molecules, which under normal conditions can be physiologically reversed.
In pathological conditions persistence of the stimulus makes expression of
the myofibroblasts permanent. In Table 1, the main types of clinical disorders
associated with persistence of myofibroblasts are listed. The factors which
regulate the phenomena of differentiation and dedifferentiation of myofibro-
blasts are unknown. Several growth factors, extracellular components, and
mechanical forces are good candidates for stimulation of myofibroblast
production. Nothing is known about factors which regulate the disappearance
of myofibroblasts during scar formation and work is needed to elucidate the
mechanisms of scar function and pathological wound healing processes.

Granulation Tissue and Matrix Formation

After wounding many cells move into the wound area to constitute the so
called granulation tissue. This term derives from the granular appearance of
the tissue, which is very rich in newly formed blood vessels.

Fibroblasts, macrophages, and endothelial cells move into the wound
space and, under appropriate stimuli, give rise to fibroplasia and angio-
genesis. In particular fibroblasts are able, under such conditions, to pro-
liferate, migrate, and synthesize and deposit new matrix. After cytoskeletal
modification, fibroblasts are able to promote wound contraction.

All the granulation tissue cells are dependent on each other, fibroblasts
being responsible for the formation of matrix on which macrophages can

Table 2. Cytokines and the fibrotic response (modified from [8])

Molecule Proliferation Collagen Collagenase

EGF Mesenchymal cells No change No change (except

TGF-a Epithelial cells serum-starved cells)

bFGF Mesenchymal cells No change Increased
Endothelium

PDGF Mesenchymal cells No change Increased

TGF-f Context-dependent Increased Decreased

IFN-y and IFN-g Mesenchyme-inhibitory Decreased Decreased by TIMP

IL-1 TNF Fibroblast Decreased Increased

GM-CSF Mesenchymal cells Increased No change

Hematopoietic cells

EGF, epidermal growth factor; TGF-a, transforming growth factor-a; bFGF, basic fibroblast
growth factor; PDGF, platelet-derived growth factor; TGF-f, transforming growth factor-
B; IFN, interferon; TNF, tumor necrosis factor; GM-CSF, granulocyte/macrophage-colony-
stimulating factor; TIMP, tissue inhibitor of metalloproteinases.



76 G. Abatangelo et al.

move and endothelial cells providing neovasculature necessary for oxygen
and nutrient supply. Even though reepithelialization of injured tissue begins
within the first 24 h, several days before granulation tissue formation, it is
nevertheless considered to occur within granulation tissue development since
the two processes are strictly related in rebuilding the protective barrier of
the organ.

Many signals are implicated in the formation of new repair tissue. Table
2 lists some of the relevant intracellular signals. These cytokines possess
common features: (a) they are peptides, (b) they interact with unique
cell surface receptors that are able to transduce the message into cellular
metabolic pathways such as tyrosine phosphorylation, cellular calcium
mobilization, activation of protein kinase C.

The main growth factors are: EGF (epidermal growth factor), which
stimulates proliferation of both epithelial and mesenchymal cells; TGF-a
(transforming growth factor-a), which is homologous to EGF and is able to
bind to EGF receptor; and TGF-§ (transforming growth factor-f), which has
a complex influence on cells and tissues, often reduces the growth rate of
cells with a concomitant increase in production of secreted proteins, and
induces collagen synthesis in vivo and in vitro [7]. Another class of polype-
ptides is represented by FGF (fibroblast growth factor), which is present in
two forms, acidic (aFGF) and basic (bFGF). When these biochemically
distinct polypeptides are injected into an experimental wound they stimulate
formation of new blood vessels and increase the rate of granulation tissue
formation, as confirmed by the accumulation of DNA and collagen [8].

In wound repair fibroplasia must be limited if excessive scarring is not to
occur. To achieve this control, negative feedback regulation and the presence
of other substances such as IFN-y (interferon-y) [9] and glucocorticoids [10]
plays a significant role in limiting fibrogenesis and promoting organization of
fibrous collagen. The other obvious mechanism for both regulation of
collagen synthesis and remodeling of granulation tissue extracellular matrix
is represented by controlled proteolysis. Most connective tissue cells, includ-
ing fibroblasts and endothelial cells, produce very low levels of proteases.
They can, however, be stimulated to synthesize relatively high levels of
proteolytic enzymes (collagenases, gelatinase, stromalysin, etc.) by cytokines
such as IL-1 (interleukin-1) and other factors. With regard to skin wound
healing, the remodeling process takes place from a few days after injury to
several months following the formation of granulation tissue. Among the
most important enzymes are plasminogen activator, collagenases, hyalur-
onidase and elastase. Plasmin is not only responsible for clot lysis, but also
degrades glycoprotein components of extracellular matrix such as fibronectin
and laminin [11, 12]. Plasmin is also necessary to activate other proteinases
secreted by the cells as inactive precursors (procollagenase, proelastase).
Degradation of extracellular matrix constituents triggers a mechanism
for recruitment of additional cells (macrophages, parenchymal cells) by
degradation products of fibrin, collagen, elastin, fibronectin, and hyaluronan.
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Collagen in Wound Healing

The major extracellular components in human skin are collagen fibrils,
elastin, glycosaminoglycans, and glycoproteins (Table 3). In tissues collagen
provides the necessary structural architecture and tensile properties. Elastic
fibers are responsible for elasticity and proteoglycan complexes ensure
hydration by means of their ability to bind large amounts of water. Glyco-
proteins play a role in the attachment of cells to the extracellular matrix
(fibronectin, laminin, entactin/nidogen) and in the formation of a framework
for deposition of elastin fibers. Collagen is a generic term which comprises a
group of genetically distinct proteins consisting largely of the unique triple
helix. Well over 20 different collagenous polypeptides (a-chains) have been
described which constitute subunits of many distinct collagen types, 13 of
which have been listed so far.

Type I collagen is the major structural component of skin, in association
with type III collagen. These molecules represent 70%—-80% of the dry
weight of the dermis [13]. Collagen is initially synthesized in the cell as a
precursor (procollagen), which contains noncollagenous extensions both in
the NH,- and COOH-terminal ends [14]. Once secreted in the extracellular

Table 3. Major structural components of extracellular matrix relevant to skin

Component Functional role Tissue distribution
Collagen
Type 1 Major component Ubiquitous
Type I trimer Unknown Minor component
Type 111 Provides tensile properties Skin, blood vessel
Type IV Major structural component of basement Basement membranes
membranes
Type V Pericellular localization Ubiquitous
Type VI Not clear Ubiquitous
Type VII Structural components of anchoring fibrils Skin, fetal
membranes
Elastin fibers
Elastin Resilience and elasticity of the skin Blood vessels, skin
and lungs
Microfibrils Scaffolding in formation of elastic fibers Same as elastin
Hyaluronan Maintenance of water and ion balance; Cartilage, skin
proteoglycans regulation of growth, migration, and
attachment of cells
Fibronectin Attachment of cells to the extracellular Cell surface, plasma
matrix
Laminin Specific binding for the major components Basement membrane
of basement membrane
Entactin/nidogen Form complexes with laminin, regulation Basement membrane

of cell adhesion
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space, the polypeptide extensions are removed and the collagen molecules
align themselves in the fiber structure (Fig. 3). This process is strongly
affected by glycosaminoglycans and proteoglycans [15]. Errors can be intro-
duced at several distinct levels into collagen structure or metabolism in a
such way that they manifest phenotypically as a disease. The main genetic
collagen diseases with cutaneous involvement are listed in Table 4.

Under normal physiologic conditions, the expression of collagen genes
must be coordinated and well regulated to ensure that collagen synthesis is
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Table 4. Genetic collagen diseases with cutaneous involvement

Cutis laxa Homocystinuria
Ehlers-Danlos syndrome Marfan syndrome
Epidermolysis bullosa Menkes’ syndrome
Familial cutaneous collagenoma Osteogenesis imperfecta
Focal dermal hypoplasia Tuberous sclerosis

in balance with the normal degradation and turnover of the fibers. In this
way the normal level of collagen in tissues is maintained. If the balance is
altered either an abnormal accumulation or a decrease of collagen could
occur. During growth and development and in tissue repair processes,
several observations suggest that both the absolute quantity and the ratio of
the different collagen types synthesized by cells change. The synthesis
can be modulated also by drugs and viral transformations and in some
pathological conditions of wound repair. In fibrotic diseases there appears
to be excessive deposition of collagen and perturbation of the balance of
synthesis/degradation. Several different mechanisms could explain the
excessive accumulation of collagen, namely: (a) increased production of
collagen by cells; (b) reduced degradation of collagen polypeptides; (c)
increased amount of local fibroblasts with a normal rate of collagen produc-
tion. Studying fibroblast cultures obtained from several patients with dermal
fibrotic conditions, the results indicate an increased collagen production
[16—-19]. This overproduction seems to be a common phenotypic aspect in
fibroblasts of diseased skin, both in in vivo and in vitro conditions.

With regard to the wound healing process, collagen gene expression is
increased with a concomitant increase in synthesis and accumulation of
collagen for 3 weeks; thereafter accumulation ceases. These observations
have been clearly confirmed in a rat wound healing model using in situ
hybridization, which allows localization of collagen gene expression [19]. In
hypertrophic scars and keloids, fibroblasts exhibit an extended period of
proliferation and an elevated rate of collagen synthesis compared to normal
wound healing. In addition cultured keloid fibroblasts respond abnormally
to hydrocortisone or TGF-£ [10]. In normal fibroblasts TGF-f and hydro-
cortisone inhibit growth and collagen synthesis, respectively; in keloids cells,
TGF-f stimulates growth and hydrocortisone does not decrease collagen
production. These observations are consistent with the view that conditions
inhibitory to growth and collagen synthesis at the late stage of normal
wound healing fail to inhibit keloid fibroblasts.

Extracellular Matrix Organization and Cell Movement

Orientation of the fibrous component of the granulation tissue matrix can
influence entry of cells into a lesion. Although several cell types participate
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in the wound healing process, fibroblasts are the unique elements responsible
for the synthesis of extracellular matrix. Fibroblast entry into the wound
area initiates the reparative phase of wound healing. In the earliest phase of
granulation tissue formation fibronectin plays the leading role, since both
stabilization and architectural maturation of the matrix are organized by this
glycoprotein, which builds a scaffold for deposition of type I and III collagen
[20] and collagen type VI [21]. Fibroblasts that emigrate into wounds arise
from the undifferentiated mesenchymal cells in the surrounding tissue
and undergo phenotypic changes to synthesize elevated levels of collagen.
Fibroblast migration is subject to the control of many processes such as
haptotactic influences and contact guidance mechanisms. In addition, the
extracellular matrix must open up to provide space for the penetration of
cells. Both macrophages and fibroblasts provide a variety of enzymes which
are potential candidates for this function. These cells are also able to clear
spaces by actively phagocytosing the extracellular matrix. Mechanical forces
also play a role in opening up spaces within the matrix of the healing wound.
In this respect it is interesting to note that granulation tissue is rich in
hyaluronan produced by fibroblasts. The elevated capacity of this substance
to bind water is responsible for the high pressure within the granulation
tissue and so it could serve to create spaces in it. Orientation of the fibrous
component of the wound matrix also changes as the wound heals. The early
wound clot is very rich in randomly arranged fibrils and newly formed

Fig. 4. Rat skin 7 days after wounding. The scar tissue is characterized by flattened epidermis.
Collagen bundles are densely packed in parallel array, horizontal to the surface
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collagen is laid down in a more or less random way. As fibroblasts invade
the wound area there is a progressive change from this random orientation
to a more orderly deposition of fibrils that quite often run parallel to the
wound surface (Fig. 4). In all these processes of extracellular matrix remo-
deling, both glycosaminoglycans and proteoglycans play a key role in in-
fluencing the final architecture of the repair tissue.

Proteoglycans and Glycosaminoglycans in Wound Healing

Proteoglycans are present in all connective tissues but can also be present as
cell surface-associated components. Not only do they act as receptors for
other matrix molecules such as fibronectin [22], they may also interact with
the cytoskeleton via their intracellular domain or via membrane receptors as
in the case of hyaluronan [23]. This nonsulphated glycosaminoglycan plays
different roles in various biological processes. Hyaluronan (HA) has been
shown to promote neural crest [24] and corneal mesenchymal cell [25]
migration during development; it is able to facilitate migration of cardiac
cushion cells [26], embryonic mesoderm cells [27] and wound fibroblasts
[28]. HA influences, sometimes in a contradictory role, cell motility, phago-
cytosis, adhesion and detachment. For example Kujava et al. demonstrated
that HA bound to cell culture substratum inhibits myofibroblast differentia-
tion [29, 30] but promotes the differentiation of chondroblasts [31]. It has
been demonstrated that HA promotes cell detachment in a dose-dependent
manner when added to 3T3 fibroblast culture [32]. HA is able to promote
chick embryo fibroblast and chondroblast expression in vitro [33]. In the
diabetic rat wound model this nonsulphated glycosaminoglycan is able to
improve healing by promoting both reepithelialization and fibroplasia (Fig.
5) [34]. In fetal wounds there is clear evidence that the prolonged presence
of HA is a predominant characteristic of the healing process [35-37]. In
contrast, in adult wounds, HA is present only in the initial phases of the
repair process. The persistence of HA in fetal wounds may account for the
prevention of scarring or fibrosis in the tissue.

Many experiments have been performed in humans and in animals to
study the stimulatory effects of HA in wound healing processes [34, 38—42].
In the healing of tympanic membrane perforations HA improves the quality
of the scar tissue [38-40] by reducing connective tissue formation [43].
Also, in flexor tendon repair HA has a beneficial effect by decreasing the
peripheral inflammatory response and by influencing orientation of fibro-
blasts and collagen fibers [44]. In human skin and post-burn scar, HA has
been shown to be associated with collagen and this association seems to
function in controlling matrix deposition and the remodeling process [45]. In
in vitro models, HA facilitates the movement of fibroblasts through three-

dimensional collagen matrices [46] and through collagen based wound dres-
sings [28, 47].
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Fig. 6. A Normal rat skin (control) and B hyaluronan-treated skin after 72h (see text). Note
the hypertrophy of the epithelial layer and the density of the cell population in the dermis

Using an animal model we have studied the effect of HA on dermal cells
by infiltrating the substance into the dermis of rats. The animals were
treated with dermal infiltrations of 1ml 2% HA (molecular weight 1.6 X
10°). The injection was performed in a restricted area of the dorsal thoracic
skin. The control group received only the vehicle. HA injection resulted in a
localized swelling which persisted for 8—10h. Control and treated rats were
then killed at 1, 2, 3, 4, 5 and 10 days after treatment. The entire infiltrated
area was removed and formalin fixed for histological observation. The HA
treated animals showed a structural modification at the epithelial and dermal
level. In particular there was a marked increase of both epithelial and
dermal cells (Fig. 6). With automated morphometric analysis dermal cells
present in the HA injected area were counted. The results shown in Table 5
clearly indicate an increased density of mesenchymal elements in the dermis
of treated rats compared to the controls. The increase reached the maximum
level on days 3 and 4 after treatment after which there was a progressive
decrease. After 10 days there were no longer any detectable differences
between HA treated and control animals.

With regard to the secretion of extracellular matrix during wound
healing, HA has been shown to influence both deposition of collagen [28,
47] and remodeling of extracellular matrix [48, 41]. Using an experimental
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Table 5. Number of dermal cells present in rat skin infiltrated
with hyaluronan

Time (h) Rat Treated Untreated Increase (%)
72 1 577 + 46* 227 15 60
2 697 + 61* 256 + 42 67
3 484 + 70* 211 + 64 53
96 1 459 + 30* 231+ 13 51
2 567 + 49* 225 £ 23 60
3 715 + 22* 229 £ 6 68
*p < 0.01.

Results are expressed as mean values of three sections = SD.
Differences between the mean values obtained from the sections
of different rats were tested by Student’s ¢ test.

For each animal three histological sections were analyzed. In
each section the number of cells was calculated in different areas
for a total of 150 mm?.

Table 6. Collagen content of scar tissue samples

Tissue sample Total collagen content” Type 1T (%)
(ug/mg dry weight)
Normal rat skin 330 + 40.1 148+ 1.1
Normal rat scar
72h 50.3 + 4.6 314 + 34
9%h 542 %50 32.6 3.6
Diabetic rat scar
72h 65.6 = 4.8 152+1.7
9%h 69.1£5.1 16.1 + 1.8
Hyaluronan-treated diabetic rat scar
72h 442 +32 241%238
9% h 46.1 £ 4.1 262 £3.6

Average values obtained from three different animals in each group.
Type I and type III collagen content determined by SDS-PAGE.
According to Miller and Rhodes 1982; modified by Merkel et al. [48].
2 As determined by hydroxyproline analysis.

wound healing model in the diabetic rat we studied both total collagen
synthesis and the ratio of collagen types I and III. The shaven dorsal
thoracic skin of normal and alloxan-induced diabetic rats was wounded by
means of a scratch incision with a dermotome under aseptic precautions.
The wounds were approximately 8—10mm in length and no more than
0.7-1.0mm deep. The wounded animals were allocated to two experimental
groups of ten normal and ten diabetic animals each. The first group received
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a local application on the wound area of 2ml sterile 0.2% sodium hyalu-
ronate solution every 8h. The second group was used as a control and was
treated with saline in a similar fashion. At fixed times of 24, 48, 72, 96, and
120h after wounding the animals were anesthetized and the granulation
tissue excised and extracted in ten volumes of ice cold 0.5 M acetic acid for 4
days at 4°C. The tissue pellets were resuspended in acetic acid with the
addition of pepsin (Sigma) at a concentration of 20 mg/g wet tissue, according
to the procedure described by Merkel et al. [48]. Total collagen content was
determined on the basis of hydroxyproline content [49]. Collagen samples
were analyzed by SDS-PAGE in the presence of 3.6 M urea and the gels
were stained with Coomassie blue R-250 [49]. Table 6 shows the results of
the collagen analysis. It can be seen that in HA treated rat scars there is a
higher content of type III collagen, thus demonstrating that the presence of
HA affects the expression of mesenchymal cells present in granulation
tissue.

Conclusions

The healing process represents a very complex cascade of events in which
many cells, moving either from surrounding tissues or from blood, cooperate
in order to restore continuity to the injured tissue. Fibrin deposition and the
synthesis of fibronectin in the early stages are followed by collagen secretion
by mesenchymal cells present in granulation tissue. Deposition of collagen
ensures the tensile properties of the scar tissue, while the presence of other
extracellular matrix components seems to influence the final architecture of
the repair tissue. Among the glycosaminoglycans, HA seems to play a
fundamental role in reducing fibrosis, as is clearly the case in fetal wound
healing, in which the predominance of HA is a characteristic feature in all
stages of the repair processes [35-37]. In experimental wound healing
models, in humans and in animals, many data support the importance of
HA in influencing the repair process, either by facilitating cell movement
through granulation tissue or by influencing the deposition and architecture
of the scar’s fibrous component [38—49]. The involvment of glycosamino-
glycans and proteoglycans in the many stages of tissue repair, however, has
not yet received sufficient attention; based on several experimental studies
and studies on development and embryogenesis, our conclusions are that
these molecules must play a definite role in influencing cell behavior. Our
point of view is supported by data showing that these molecules are present
on the cell surface, sometimes as integral membrane components. The
recent discovery of a cell membrane receptor for HA in many mesenchymal
cells [S0-53] gives additional support to our interpretation that this glycosa-
minoglycan not only plays a role as a spatial organizer of proteoglycans in
extracelluar spaces, but also is capable of promoting many cell activities (see
[23] and references therein included).
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The Role of the Connective Tissue Matrix
in Wound Healing: .
Fibroblast and Collagen Interactions

H.P. Ehrlich

Introduction
Regeneration and Repair

The damage and loss of skin initiates the repair process. In traumas in which
there is only superficial loss of the epidermal surface, such as occurs in
minor sunburn, the repair process is limited to regeneration of a new
epidermal surface. The regeneration of the epidermis results from the
migration and proliferation of epidermal cells residing in subepidermal
appendages beneath the surface. The resurfacing of the injury site is rapid
and complete with no structural changes occurring to the underlying dermis.

With deeper tissue loss caused by more severe trauma, such as a scald
burn, the epidermal surface and structural portions of the dermis are de-
stroyed. The resolution and repair of such an injury is not the regeneration
of dermis but rather its replacement by scar. The loss and destruction of
dermis lead to the deposition of a new connective tissue matrix with charac-
teristics different from that of dermis. A major difference between dermis
and scar is demonstrated in Fig. 1. With polarized light optics the bire-
fringence of dermis shows a basket weave structure of dense collagen fibers
(Fig. 1A). In contrast, the birefringence of scar shows less dense collagen
fibers arranged parallel to the skin surface (Fig. 1B). Dermal collagen fibers
are laid down in an orderly fashion during fetal development. Scar collagen
fibers which are less orderly arranged are laid down as a consequence of the
repair process.

The Connective Tissue Matrix of Repair

The volume of scar tissue depends upon the depth and area of the injury. A
more severe trauma causing greater tissue loss requires more scar tissue to
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Fig. 1A,B. Polarized light view of normal dermis and scar. This is an histological section of
normal rat skin as viewed by polarized light optic microscopy. A The birefringent collagen
fibers show the basket weave pattern characteristic of normal dermis. The epidermal surface is
located at the top of the figure. B The birefringent pattern of a 5 week rat scar reveals the
parallel arrangement of collagen fibers and the absence of a basket weave pattern of collagen
fibers

patch the defect. With an incision wound which is closed by surgical suturing,
skin edges are brought together reducing the volume of tissue required to fill
the defect. The bridging of the new scar tissue and residual dermis involves
a splicing of old and new fibers. The fibroblasts splice the dermal collagen
fibers with the granulation tissue collagen fibers. The further organization of
newly deposited fibrils within granulation tissue by fibroblasts entails the
translocation and reorientation of collagen fibrils. The end result of this
process is the condensation of fine collagen fibrils and the formation of
thicker collagen fibers. The final outcome of collagen reorganization is the
restoration of the skin’s integrity. Though the volume of new tissue deposited
may be modest, the continuing organization of collagen produces a scar of
increasing strength. The inclusion of covalent intermolecular cross-links
between collagen fibrils adds significantly to the strength of that tissue
(Dunphy and Udupa 1955).

With open wound repair, where a greater volume of tissue is needed to
fill the void, the same requirements of integrating the new granulation tissue
collagen with the residual collagen of dermis are essential. The volume of
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granulation tissue to be reorganized is much greater in excisional wounds
than in sutured closed wounds. This organization of fine collagen fibrils into
thicker collagen fibers produces contractile forces which affect the skin
surrounding the granulation tissue. If that surrounding skin is loosely at-
tached to the underlying surface, such as found in rats and rabbits, the
contractile forces generated produce wound contraction. During the process
of wound contraction, normal skin is pulled over the defect, which covers
portions of the defect with skin rather than scar. Wound contraction reduces
the volume of tissue needed to fill the original defect (Abercrombie et al.
1954; Billingham and Russel 1956). The mechanism for the generation of
these contractile forces within granulation tissue is the cellular translocation
of collagen fibrils (Ehrlich and Rajaratnam 1990).

If the wound is in an area where the surrounding skin is tightly attached
to its underlying surface, then wound contraction does not occur. This is the
usual case with human skin, where defects fill in with scar. With deep
second degree or full-thickness burns, the development of a residual scar is
common. These burn scars can often generate into hypertrophic scars,
where the deposited scar tissue is excessive and is elevated above the skin
surface (Brody et al. 1981). The collagen fibers within hypertrophic scar are
arranged in a random disorganized fashion. Histologically, the hypertrophic
scar is immature retaining characteristics of granulation tissue. Cell density,
numbers of vessels and the volume of collagen are elevated in hypertrophic
scar compared to dermis. In normal scar the cell number and vessel density
are less than in normal dermis. The granulation tissue-like character of
hypertrophic scar extends the time for fibroblast-collagen interactions. One
outcome of this prolonged period of collagen reorientation contributes to
the nodules and distorted appearance of the hypertrophic scar surface.

Scar tissue, filling in a defect over a joint, often leads to scar contrac-
tures. Here the compaction of collagen reduces the volume of tissue over
the joint which limits its extension. The occurrence of scar contracture is
common in healed scald burns of children. The compaction of that scar
tissue results from the prolonged ongoing translocation and compaction of
collagen by resident cells. Physical manipulation of such a scar by the
physical therapist using splints, elastic garments and exercise can modify
these cell-collagen interaction forces. Physical manipulation and the eventual
maturation of that scar by the stabilization of the connective tissue matrix
will produce near normal physical motion of that joint. This type of therapy
is long and tedious but effective.

Fibroblast-Populated Collagen Lattice Model

The fibroblast-populated collagen lattice (FPCL) was introduced by Bell et
al. (1979). It is manufactured from freed monolayer cultured fibroblasts,
culture medium containing serum, and soluble native collagen. When these
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components are rapidly mixed together at 37°C, the collagen rapidly poly-
merizes and traps the fibroblasts in the fast forming matrix. Within 24 h of
manufacture, the size of the FPCL is reduced. This process is referred to as
lattice contraction. It is a model of collagen organization similar to that
occurring in wound healing and scarring. In FPCL contraction, cells produce
forces which reorganize the surrounding collagen fibrils. Fibroblasts, initially
spherical in shape, spread and elongate producing a reduction in the thick-
ness of the collagen lattice. Following the initial reduction in lattice thick-
ness, there is the later reduction in the diameter of the collagen lattice,
lattice contraction. The mechanism of lattice contraction is the translocation
and reorientation of collagen fibrils by cellular forces. The collagen fibrils
are organized into thicker collagen fibers which reduce the volume of the
collagen lattice. The rate of this translocation of collagen fibrils and degree
of collagen fibril packing determine the rate and degree of lattice contrac-
tion. The degree that fibroblasts can organize and increase the integrity of
this collagen gel structure was demonstrated by Bell et al. (1981), who used
it as a skin graft in rats. The FPCL model facilitates the investigation of cell-
collagen interactions in a controlled environment.

Mechanism for Cell Translocation of Collagen Fibrils
Cell Contraction vs Cell Tractional Force

Cultured fibroblasts in monolayer cultures demonstrate both the generation
of cell contraction forces and cell tractional forces. The question is: What is
the mechanism fibroblasts employ to organize collagen fibrils within FPCLs?

A model of cell contraction (ATP-induced cell contraction) demonstrates
the contractility of cytoplasmic microfilaments (Goldman et al. 1976). After
24h in monolayer culture, cell preparations were treated with descending
concentrations of glycerol (50% —5%) to permeabilize the cell membrane
(Ehrlich et al. 1986). Adding ATP and cofactors Ca®*, Mg>*, and KCI to
these permeabilized preparations induced cell contraction, resulting from
the sliding of cytoplasmic actin-myosin filaments (Fig. 2). During ATP-
induced cell contraction, the actin-myosin microfilaments of cells contract to
form aggregates. These sliding filaments pull inward contracting the cell. If
collagen lattice contraction occurs by a mechanism of cell contraction, then
the appearance of compacted actin aggregates in the cytoplasm of fibroblasts
might be expected. Contracted cells with aggregated microfilaments have
not been observed in contracting FPCLs. It is argued that cell contraction is
not the mechanism that is responsible for lattice contraction.

Harris et al. (1980) demonstrated fibroblast tractional forces. Fibroblasts
plated onto a thin film of heat-polymerized silicone oil produce wrinkles on
the surface when they attempt to move (Fig. 3). Fibroblast locomotion
forces cause the thin membrane surface to wrinkle. Fibroblasts do not
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Fig. 2A,B. ATP-induced cell contraction. Fibroblasts were plated on glass coverslips for 24 h.
The coverslips were subjected to 30 min incubations of glycerol in buffer at 50%, 25%, 10%
and 5% concentrations at room temperature. A Some coverslips were fixed and stained with
rhodamine-phalloidin. B Other coverslips were incubated with ATP for 10 min and then fixed
and stained

contract as they wrinkle the surface beneath them. When wrinkles appear
under a cell, the cell does not lose its flattened, elongated appearance.
Populations of microfilaments within the cytoplasm contract pulling on
attachment sites linked to the silicone film surface. In a FPCL, fibroblast
microfilaments contract, moving the collagen fibrils which are attached to
the cell surface by specific intergrins over the cell surface. There is no cell
contraction or shape change during the translocation of collagen fibrils.
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Fig. 3. Fibroblasts wrinkling the surface of a silicone rubber substrate. Silicone oil was layered
on a glass coverslip and the surface briefly flamed in a Bunsen burner. A thin film was produced
on the surface of the oil by heat polymerization. Human dermal fibroblasts were plated on that
surface and viewed 6h later. By phase contrast optics fibroblasts are shown wrinkling the film
surface by tractional forces. Note the cells are spread and not contracted

These tractional forces are like the movement of the track on a military tank.
The mechanism for collagen fibrils translocation requires no cell contraction.

The Wedge Experiment

Two distinct cell populations emerge during lattice contraction. These
populations can be demonstrated by staining actin filaments with fluores-
cently tagged phalloidin (Weiland and Faulstich 1978; Burak et al. 1980).
One population is located at the periphery or edge of the lattice. Cells are in
close contact with one another, arranged in parallel arrays (Fig. 4A). Based
upon the morphology of these cells (cytoplasmic stress fibers and cell-cell
contacts), they are defined as myofibroblasts (Majno et al. 1971; Hirschel et
al. 1971; Gabbiani et al. 1972). The second cell population is located in the
central portions of the lattice. They are randomly orientated, have few cell-
cell contacts, and their cytoplasmic microfilaments are composed of diffuse,
fine, filamentous actin. Based upon their morphology, these cells are fibro-
blasts (Fig. 4B).

If myofibroblasts working through a mechanism of cell contraction are
responsible for lattice contraction, then the outer edge of the FPCL should
show greater contractile ability than the central region of the FPCL. One
wedge (wedge a) is cut from a contracting FPCL which includes one outer
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Fig. 4A,B. Actin filament patterns of cells in fibroblast-populated collagen lattices (FPCLs) at
24h. FPCLs made with 100000 fibroblasts were fixed at 24h and stained with rhodamine-
phalloidin. A Cells at the edge of collagen lattice show stress fibers and cell-cell attachments. B
Fibroblasts in central locations of collagen lattices show random orientation and their cytoplasms
have fine filamentous actin staining patterns

Fig. 5A,B. The wedge experiment: A fibroblast-populated collagen lattice (FPCL) was made
and at 24h the lattice was cut up into two types of wedges. A The cut wedge “‘a” (right)
contains one peripheral edge of FPCL, while wedge ‘b (left) contains three cut edges. B The
two wedges are viewed after 48 h of incubation. Wedge *‘a” (right) has contracted but minimally
at the peripheral edge of the FPCL. Wedge “b™ (left) shows more uniform contraction on all
edges

edge rich in myofibroblasts. That edge would be expected to show greater
contraction capacity than the two other cut edges which are populated with
fibroblasts (Fig. 5A). A second wedge (wedge b) was cut where the three
edges contained fibroblasts and only one apex of the wedge contained
myofibroblasts (Fig. SA). The one edge on wedge a, rich in myofibroblasts,
showed minimal contraction at 2 days compared to the other two edges of
wedge a. In contrast, wedge b, with fibroblasts at all three cut edges,
showed greater contraction which was equal on all three edges. The edge
populated with myofibroblasts demonstrated the least contraction, while the
cut edges with populations of fibroblasts showed greater contraction (Ehrlich
and Rajaratnam 1990).
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Fibroblasts, therefore, produce greater lattice contraction and organize
collagen fibrils more efficiently than myofibroblasts. It is proposed that
lattice contraction occurs by cell tractional forces rather than by cell contrac-
tion. Cell generated tractional forces, in which cells retain an elongated
shape, are responsible for organizing collagen. The translocation of collagen
fibrils over the cell surface, while linked to contracting cytoplasmic micro-
filaments, is the proposed mechanism of lattice contraction and collagen
reorganization in wounds and scars.

The Tight Skin Mouse Experiment

An in vivo experiment examined the role of fibroblasts and myofibroblasts
in wound contraction (Hembry et al. 1986). A full-excision wound in a tight
skin mouse (TSK), a genetic strain of mouse which exhibits tight skin bound
to the underlying musculature, showed a 3 week delay in the initiation of
wound contraction (Ehrlich and Needle 1983). However, after that period,
wound contraction began with a rate equal to that seen in normal mice, in
whom closure began at day 1. With TSK mouse wounds, it took 6 weeks for
complete wound contraction compared to 3 weeks with normal mice. At 1,
2, 3, 4 and 5 weeks after wounding, biopsies of TSK mouse wounds were
taken and examined by histology. Actin stained cytoplasmic stress fibers
characteristic of myofibroblasts were prominent throughout the granulation
tissue at 1 and 2 weeks. At 4 weeks, when TSK mouse wounds are actively
contracting, biopsies from contracting wounds showed no actin staining
cytoplasmic stress fibers. Myofibroblasts containing cytoplasmic stress fibers
were absent during active wound contraction in TSK mice. The resident cell
population of contracting TSK mouse wounds was made up of fibroblasts.
When wound contraction was almost completed at 5 weeks in TSK mice,
myofibroblasts with prominent cytoplasmic stress fibers had reappeared.
While the appearance of fibroblasts was indicative of wound contraction, the
reappearance of myofibroblasts marked the termination of active wound
contraction.

In rat wound contraction studies, the first appearance of myofibroblasts
with prominent cytoplasmic stress fibers was at 7 days (Majno et al. 1971).
In excisional rat wounds, wound contraction is about 50% completed by this
time. It is proposed that fibroblasts, functioning as individual units within
granulation tissue, organize collagen by cell tractional forces, which is the
mechanism responsible for wound contraction.

Collagen Control of Cell Translocation of Collagen Fibrils

Fibroblasts produce the forces which organize collagen fibrils. The composi-
tion of the collagen influences the rate and degree fibroblasts can translocate
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and reorient collagen fibrils. The degree whereby collagen can be translo-
cated is dependent upon the structural stability of the matrix in which they
reside. Collagen fibers arranged in an ordered state are not readily rear-
ranged by fibroblasts (Ehrlich and Hembry 1984).

Collagen Types

Collagen is made up of a family of proteins. The major interstitial collagens
of skin and scar are types I and III. Granulation tissue and hypertrophic scar
have a 50% increase in the concentration of type III collagen (Bailey et al.
1975a,b). When fibroblasts were isolated from normal skin and compared to
fibroblasts isolated from hypertrophic scar, only modest differences in lattice
contraction were found (Ehrlich 1988a). However, when collagen extracted
from hypertrophic scar was compared to collagen extracted from normal
skin, significant differences were found. Hypertrophic scar collagen FPCLs
were better at lattice contraction than normal dermal collagen FPCLs.

The possibility that the elevated level of type III collagen present in
hypertrophic scar was responsible for enhanced lattice contraction was
investigated (Ehrlich 1988b). FPCLs were made with either type III collagen,
extracted and purified from a benign uterine tumor (leiomyoma), or type I
collagen, extracted and purified from normal human dermis. FPCLs made
with type III collagen contracted faster and to a greater degree than lattices
made of type I collagen. It appears that fibroblasts can organize type III
collagen fibrils faster than type I collagen fibrils. The location of the tissue
from which the collagen was extracted influences lattice contraction. FPCLs
made with type I collagen extracted from human placenta were faster at
lattice contraction than FPCLs made with type III placental collagen (Trollier
et al. 1990). The placental type I collagen was equivalent to leiomyoma type
IIT collagen and the placental type III collagen was similar to dermal type I
collagen. The reasons for these differences are unresolved.

The Length of Collagen Molecules

The contraction of a FPCL containing intact rat tail tendon (RTT) collagen
is greater than one composed of RTT collagen shortened by limited pepsin
digestion (Woodley et al. 1991). Intact collagen lattices had contracted by
79% at day 1, while the pepsin treated collagen lattices had contracted only
31%. By day 5 the intact collagen lattices had contracted by 92%, while the
pepsin treated collagen lattices had contracted by 77%.

RTT collagen treated with other proteinases was studied to demonstrate
how the length of collagen chains would influence lattice contraction. The
size of RTT collagen treated with pepsin, trypsin or elastase was compared
by SDS polyacrylamide gel electrophoresis. The electrophoretic mobility of
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Fig. 6A-D. Splinted fibroblast-populated collagen lattices (FPCLs) at 7 days. A FPCL was cast
in the presence of a splint which limited lattice contraction to an area of 100 mm? at 7 days. The
splinted lattice in A was made with intact rat tail tendon (RTT) collagen and the one in B was
made with elastase treated collagen. C The fibroblasts in the splinted lattice made with intact
collagen (shown in A) are oriented in parallel arrays. D The cells in splinted lattice made with
elastase treated collagen, (shown in B) are randomly orientated

a chains demonstrated collagen molecular size. It was found that limited
pepsin digestion produced a 4% decrease in size, trypsin a 6% decrease in
size and elastase a 15% decrease in size. It should be noted that elastase
treatment had removed some of the helical ends of the collagen chains and
all the nonhelical portions of the molecule.

FPCLs were made with 80000 fibroblasts and 2.5 mg of collagen. Intact
RTT collagen lattices were reduced by 70% at day 1 and 95% at day 7.
Trypsin treated RTT collagen lattices were reduced by 57% at day 1 and
90% at day 7. Pepsin treated RTT collagen lattices were reduced by 59% on
day 1 and 90% at day 7. Lattice contraction was equally retarded with either
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pepsin or trypsin treatment of collagens. FPCLs made with elastase treated
RTT collagen were reduced by only 40% on day 1 and 74% on day 7. The
treatment of RTT collagen with elastase, which removed a greater portion
of nonhelical peptide ends, retarded lattice contraction the most. All four
preparations of soluble collagen polymerized rapidly and equally. The
retardation of collagen lattice contraction was not attributed to altered col-
lagen gelling.

FPCLs were made with an included splinting device which limited lattice
contraction to a square shape and a final size of 100 mm?. FPCLs splinted for
7 days are presented in Fig. 6. In Fig. 6A the FPCL had 130000 human
fibroblasts in intact RTT collagen and in Fig. 6B the splinted FPCL had
130000 cells in elastase treated RTT collagen. Both lattices had equivalent
surface areas of 100mm? at 7 days. Phase contrast microscopy showed the
fibroblasts arranged within intact RTT collagen splinted lattice to be in
parallel arrays. As shown in Fig. 6C the cells are orientated parallel to one
another and arranged in sheets, one sheet near the top surface and the other
sheet near the bottom surface. The splintering of FPCLs caused the fibro-
blasts to arrange themselves in an orderly fashion within the matrix. The
cells in elastase treated RTT collagen splinted lattices (Fig. 6D) did not form
distinct layers or sheets of cells. The cells in elastase treated collagen were
arranged in a random fashion throughout the splinted lattice. The removal
of globular peptides from the ends of collagen influenced the arrangement of
fibroblast populations.

Woodley et al. (1991) reported that the telopeptide of collagen mo-
dulated FPCL contraction. Using pepsin solubilized collagens derived from
bovine dermis or RTT, they showed that partially eliminating the telopeptide
of collagen by limited pepsin digestion retarded lattice contraction. The rate
of lattice contraction during the first 24 h was the most affected by decreasing
the size of the collagen molecule. The rate of lattice contraction between 24
and 48h was similar in the undigested and digested bovine dermal collagen
preparations. We found with elastase treated collagen that the rate of lattice
contraction after 2 or 3 days was similar to that of intact collagen prepara-
tions. The initial 2 days of lattice contraction demonstrated the differences
seen with proteinase modified collagen lattices. Woodley’s group demon-
strated that the presence or absence of histidinohydroxylysinonorleucine,
the hydrolysis product of a collagen cross-link, minimally affected lattice
contraction.

One possibility for the inhibition of lattice contraction by removal of the
nonhelical ends of collagen is the attachment of collagen to fibroblasts.
Goldberg and Burgeson (1982) reported that eliminating portions of the
telopeptide of collagen did not alter the binding of collagen to the surface of
3T3 fibroblasts in monolayer culture. They showed that specific cyanogen
bromide digest derived peptides were effective at blocking collagen attach-
ment to fibroblasts. These peptides were derived from regions located within
the triple helical portions of the molecule and not in the non-helical regions.
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The binding of collagen to the cell surface of fibroblasts in monolayer
culture has been reported to be independent of the nonhelical ends of
collagen.

Fibroblasts have been shown to utilize integrins for their attachment to
collagen during lattice contraction (Gullberg et al. 1989). A non-RGD-
dependent integrin was involved in lattice contraction. The inclusion of an
antibody directed to the 1 subunit of the collagen binding integrin effectively
inhibited lattice contraction (Gullberg et al. 1990). There is the possibility
that integrins exist which bind to the nonhelical regions of collagen. The
enzymatic removal of collagen nonhelical telopeptides would eliminate
binding to those sites. Reducing the number of collagen attachments on the
cell surface would diminish the number of collagen fibrils translocated at any
moment of time, reducing both the rate and degree of lattice contraction.

Another consideration is the packing of the collagen molecules. The
compacting of collagen fibrils into thicker collagen fibers requires closer
packing of collagen fibrils. The nonhelical end of collagen has been shown
to be involved in the self-assembly and polymerization of collagen solutions
(Helseth and Veis 1981; Gross and Kirk 1958). Though there were no
obvious differences noted in the polymerization of collagen lattices with the
partially cleaved collagen preparations, the eventual packing of collagen
fibrils into thicker fibers may be altered by eliminating the nonhelical ends
of collagen.

The orientation of fibroblasts in splinted lattices is greatly altered in
elastase treated collagen. Splinted lattices produce a high degree of ordering
of both collagen fibrils and cells. With the removal of nonhelical ends of
collagen used to make splinted lattices, there is a reduction in the ordered
arrangement of cells. This suggests that the composition of globular ends of
collagen influences the degree to which collagen can be organized which
may influence cell orientation. The globular ends of collagen appear to be
involved with the cellular orientations and the translocation of collagen
fibrils. The microinteractions between fibroblasts and collagen control the
macrostructure of tissues. The nonhelical ends of collagen modulate those
microinteractions.

The experiments presented show that a continuing interaction between
cells and their extracellular matrix can effect the quality of the connective
tissue in which they reside. Minor alterations of the protein composition of
that matrix can alter cell functions. The nonhelical ends of collagen influence
fibroblast cell-cell orientation and the physical rearrangements of collagen
fibrils. The mechanism for these actions is not clear. Understanding how the
termini of collagen can modulate fibroblast functions may have biological
relevance in the development of bioengineered transplanted tissues.
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Fig. 7A,B. Histology of a 10 day freeze injury in rats. A biopsy from a 10 day old healing
freeze injury in rats was fixed and stained. A A healing freeze injury is shown with surviving
dermal collagen fibers at the edges of the photograph and a pocket of granulation tissue in the
middle. B The same area of the healing freeze injury was viewed by polarized light optics. The
birefringence at the edges of the photograph demonstrates collagen fibers of surviving dermis.
The lack of birefringence in the middle demonstrates the presence of immature granulation
tissue

Wound Contraction of Freeze and Burn Ihjuries

Full-thickness burn wounds in rats heal by wound contraction. In contrast, a
full-thickness freeze injury does not heal by wound contraction. The depth
of injury and the degree of the inflammatoty response in both types of
injury are similar. The histology of 10 day old burns made with a brass
probe equilibrated in boiling water and applied to the skin for 20s was
compared to freeze wounds made with an identical brass probe equilibrated
in liquid nitrogen and applied to the skin for 45s (Ehrlich and Hembry
1984). Both types of injury had myofibroblasts. The absence of wound
contraction in freeze injury could not be related to a cellular alteration.
However, freeze injuries at 10 days revealed the presence of residual dermal
fibers (Fig. 7A). Histologically, a 10 day healing burn exhibited granulation
tissue uniformally filling the defect. Burn trauma killed cells and denatured
the connective tissue matrix, which was completely replaced by granulation
tissue. With freeze injury the cellular components of the dermis were killed
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but the dermal collagen fibers survived. In a 10 day healed burn there was
little birefringence demonstrated by polarized light optics in granulation
tissue. In contrast, the 10 day freeze injury showed birefringent dermal
fibers throughout the healing wound with pockets of nonbirefringent granu-
lation tissue (Fig. 7B).

With burn injury, the heat energy destroys both the cells and connective
tissue matrix. The devitalized tissue is completely replaced by granulation
tissue and healing proceeds by wound contraction. With freeze injury the
cellular component of damaged skin is destroyed, but the collagen dermal
fibers are spared. The infiltration of granulation tissue repopulates the
devitalized tissue. There is a marriage between the old residual collagen
fibers and the newly synthesized granulation tissue. The residual dermis is
quite stable and acts like an internal splint, preventing the contractile forces
of granulation tissue from pulling in the surrounding skin. Hence, freeze
injury inhibited wound contraction was not an alteration of the cellular
composition of the healing wound, but rather an aberration of the dermal
collagen fibers retained within the healing wound. This in vivo model shows
that the collagen structure can control the organization of scar tissue.

Wound healing is essential for survival. The replacement of damaged
skin by scar is a process composed of cellular proliferation, new connective
tissue deposition and the further organization of that tissue. Much is known
about the cell proliferation and the deposition of new connective tissue. The
ongoing organization of that newly deposited matrix has not been studied as
much. When an open wound is covered by an epidermis or the stitches are
removed from a sutured closed incision, wound closure is complete. How-
ever, the remodeling phase of the wound healing process continues well
after the completion of wound closure. The remodeling phase of repair is
responsible for the continued gain in wound breaking strength and formation
of hypertrophic scars in healed burn injuries. A major player in the remo-
deling phase of repair is the structure and composition of the connective
tissue matrix. The physical arrangement of collagen fibers and chemical
changes and modulation of those fibers are critical in determining the quality
of wound healing and scarring.
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Modulation of Fibroblastic Cytoskeletal Features
During Wound Healing and Fibrosis

A. Desmouliére and G. Gabbiani

The mechanisms leading to the retraction of granulation tissue during wound
healing have not been presently fully elucidated (for review, see Schiirch et
al. 1992). Several years ago, our laboratory described the presence within
granulation tissue of fibroblasts having several ultrastructural features of
smooth muscle (SM) cells, including the presence of microfilament bundles
with dense bodies scattered within (Gabbiani and Majno 1972). These cells,
called myofibroblasts, have been proposed to play a retractile role in several
conditions such as granulation tissue contraction, parenchymal organ retrac-
tion, fibromatosis and stromal reaction to epithelial tumors (Sappino et al.
1988, 1990a; Skalli et al. 1989; Darby et al. 1990; Kapanci et al. 1990;
Schmitt-Griff and Gabbiani 1992; for review, see Sappino et al. 1990b). The
coincidence of the presence of myofibroblasts with retractile phenomena has
supported this hypothesis. However, direct proof of the presence and activity
of contractile elements in myofibroblasts has been possible only after suit-
able techniques have been developed in order to localize and quantify
cytoskeletal and contractile proteins within the affected organs. For this
purpose, advances in the understanding of cytoskeletal and contractile ele-
ment morphology and biochemistry in different cells have been of great help
(for review, see Skalli and Gabbiani 1988, 1990).

The cytoskeleton of eukaryotic cells is composed of three filamentous
systems (for review, see Rungger-Brindle and Gabbiani 1983): (1) micro-
filaments, made up mainly of actin and myosin; (2) intermediate filaments
formed by at least six distinct classes of proteins; in mesenchymal cells,
vimentin and/or desmin are expressed, lamins being present in all nuclear
membranes; and (3) microtubules consisting mainly of tubulin. By two-
dimensional gel electrophoresis (Garrels and Gibson 1976) and amino acid
sequence analysis (Vandekerckhove and Weber 1978, 1981), six isoforms of
actin (produced by different genes, Ueyama et al. 1984) have been described in
mammalian tissues: the f- and y-cytoplasmic isoforms which are expressed
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by all cells, and the a-cardiac, a-skeletal and a- and y-SM isoforms, which
are limited to specific cell types. Myosin is a polymeric molecule composed
of two heavy chains and four light chains, each chain displaying isoformic
variations. The analysis of cytoskeleton elements has been facilitated by the
production of specific antibodies for the SM and nonmuscle myosin isoforms
(Benzonana et al. 1988), for the intermediate filament proteins vimentin and
desmin (Kocher et al. 1984), and of a monoclonal antibody against the a-SM
isoform of actin (Skalli et al. 1986) which is typical of vascular SM cells
(Gabbiani et al. 1981). The regulation of actin synthesis can be studied by
means of specific mRNA probes (Kocher and Gabbiani 1987; Bochaton-
Piallat et al. 1992).

The cytoskeletal characterization of stromal cells present in a variety of
human and experimental soft tissue specimens known to contain myo-
fibroblasts has revealed the presence of four main phenotypes: (1) express-
ing vimentin (V cells), (2) coexpressing vimentin and desmin (VD cells), (3)
coexpressing vimentin and a-SM actin (VA cells), and (4) coexpressing
vimentin, desmin, and a-SM actin (VAD cells). Among the SM cell markers
expressed by fibroblastic populations in vivo, a-SM actin is the most com-
mon, followed by desmin while SM myosin is practically always absent
(Eddy et al. 1988; Sappino et al. 1990b).

When we study normally healing granulation tissue with these criteria,
we find that during granulation tissue contraction a high proportion of
myofibroblasts develop the expression of a-SM actin (phenotype VA) but
not of desmin and SM myosin, and hence acquire at least in part SM
features. When contraction stops and the wound is fully epithelialized,
myofibroblastic cells containing a-SM actin disappear probably by apoptosis
(Darby et al. 1990) and the scar becomes less cellular, as classically described,
and composed of typical fibroblasts with well developed rough endoplasmic
reticulum and no more microfilaments, nor a-SM actin. In more permanent
retractile conditions and in particular in kidney, lung or liver fibrosis, myo-
fibroblasts expressing a-SM actin are constantly present and, in addition, a
proportion of them expresses desmin (Skalli et al. 1989). However, at
present, no myofibroblast expressing SM myosin has been described
(Benzonana et al. 1988; Eddy et al. 1988). On the basis of these results, we
propose that during the development of fibrocontractive diseases, fibroblasts
acquire contractile features and produce the centripetal force leading to
retraction. For this purpose, myofibroblasts have the capacity of developing
connections to the surrounding extracellular matrix and hence to act on the
whole tissue (Sappino et al. 1990b). Traction rather than contraction forces
have been shown to be responsible for the retractile activity of cultured
fibroblasts on their substratum (Harris et al. 1981). In analogy with these
observations, we suggest that the retractile activity of myofibroblasts during
fibrotic changes is more dependent on isometric contraction than on isotonic
contraction. In human and experimental liver cirrhosis, myofibroblasts have
first oeen visualized in fibrotic tissue surrounding parenchymal nodules
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(Rudolph et al. 1979; Irle et al. 1980). Evidence was provided for the
contractile potential of these cells (Irle et al. 1980). As in other cases of
fibrosis and during wound healing the origin of myofibroblasts during
fibrosis has not been fully elucidated. A likely possibility is that they derive
at least in part from perisinusoidal or fat-storing cells (Ballardini et al.
1988; Schmitt-Graff et al. 1991).

Several aspects of myofibroblast biology are still unknown, in particular
their origin and the factors regulating their development and disappearance
during pathological reactions. We (Skalli et al. 1986) and others
(Vandekerckhove and Weber 1981; Leavitt et al. 1985) have previously
observed that a subpopulation of primary and passaged fibroblasts in culture
expresses a-SM actin. We had suggested that these a-SM actin positive cells
present in cultures of fibroblasts correspond to contaminating SM cells or
pericytes (Skalli et al. 1986); however, these cells could also represent
fibroblasts modulated in culture: this last possibility is compatible with the
temporary expression of a-SM actin in granulation tissue fibroblasts during
wound healing in vivo (Darby et al. 1990).

We have investigated the presence of a-SM actin in fibroblast cultures,
clones and subclones (Desmouliére et al. 1992a). In all cases the fibroblastic
populations studied showed a proportion of a-SM actin expressing cells.
Even after cloning, we never obtained populations negative for a-SM actin.
We conclude that a-SM actin expression in fibroblastic cultures is not due to
contaminant cells but is a feature of fibroblasts themselves. It is noteworthy
that a-SM actin can be expressed by a proportion of cells in a population
cultured from a single a-SM actin positive or a-SM actin negative cell. This
observation suggests that most if not all fibroblasts have the potential of
generating a-SM actin expressing cells; this is generally, but not always,
masked in normal conditions and may become manifest when specific func-
tional needs are required. The mechanisms leading to a-SM actin expres-
sion in fibroblastic cells both in vivo and in vitro clearly need further
investigations.

Microenvironmental factors probably play an important role in the
development of a-SM actin in a proportion of cultured fibroblasts. Previous
reports have shown that a-SM actin is expressed by cultured fibroblasts from
organs where in situ fibroblasts do not contain this protein. This finding has
been described in lens cells (Schmitt-Graff et al. 1990) and mammary gland
stroma (Ronnov-Jessen et al. 1990) and has been correlated with the observa-
tion that during pathological conditions in vivo both lens cells and mammary
gland fibroblasts can express a-SM actin (for review, see Sappino et al.
1990b). In a subset of bone marrow stromal cells, a-SM actin is expressed in
normal and pathological conditions (Schmitt-Griff et al. 1989) and in vitro
(Charbord et al. 1990; Peled et al. 1991). Although the origin of these
myofibroblastic cells remains unknown, it seems likely that the resident
stromal cell phenotype can be modulated by stimuli produced, for instance,
by neighboring epithelial or mesenchymal cells (Sappino et al. 1990b). Our
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experiments show that all tested fibroblastic populations develop a-SM actin
in a proportion of cells and are in agreement with the well accepted observa-
tion that myofibroblasts can develop in many organs and tissues (for review,
see Schiirch et al. 1992). However, fibroblast clones have expressed varying
proportions of a-SM actin positive cells suggesting that intrinsic cell features
determine the expression of this protein, at least in part.

Furthermore, our results support the view that fibroblastic cells are a
heterogeneous population. During the last few years, evidence has accumu-
lated suggesting that fibroblastic cells represent a heterogeneous population
during normal conditions in vivo (for review, see Komuro 1990; Phipps et
al. 1990). Some pathological conditions could be due to the recruitment or
repression of fibroblast subtypes leading to the predominance of a particular
population or alternatively to the modulation of phenotypic features of
fibroblasts.

The mechanisms leading to the development, in vitro and in vivo, of
cytoskeletal features similar to those of SM cells in fibroblasts including the
factors which can regulate in vivo and in vitro the appearance of a-SM actin
and desmin remain to be explored. The more likely candidates for these
actions are cytokines, which can be locally liberated by vascular cells, in-
flammatory cells and fibroblastic cells themselves, and extracellular matrix
components which have been shown to influence the shape, replication and
development of cytoskeletal features in fibroblastic and SM cells (for review,
see Sappino et al. 1900b). Working along these lines, we have observed that
y-interferon (yIFN), a cytokine mainly produced by T helper lymphocytes, is
capable of inhibiting the expression of @-SM actin in both SM and fibro-
blastic cells (Hansson et al. 1989; Desmouliére et al. 1992a). When yIFN is
applied to Dupuytren’s nodules, it produces an improvement of the retractile
conditions, and in hypertrophic scars, in addition to the reduction of the size
of the lesion, it elicits the disappearance of a-SM actin in myofibroblasts
(unpublished observation). Although further studies are needed to confirm
these preliminary results, we feel that work in these directions can help
not only the understanding of the pathogenesis of fibrocontractive diseases,
but also suggest future directions for treatment. In this respect, we have
observed in an experimental model in vivo that the application of granu-
locyte macrophage-colony stimulating factor (GM-CSF) to the rat subcu-
taneous tissue induces not only the proliferation of fibroblasts and the
formation of ultrastructurally typical myofibroblasts, but also the expression
of a-SM actin in a significant proportion of these cells (Rubbia-Brandt et al.
1991). GM-CSF is mainly known for its hematopoietic effect (Clark and
Kamen 1987), but some extrahematopoietic activity has been attributed to
this factor. Thus, GM-CSF stimulates migration of human endothelial cells
(Clark and Kamen 1987) and proliferation of different nonhematopoietic
cells of mesenchymal origin in vitro, such as endothelial cells (Bussolino et
al. 1989), bone marrow fibroblast precursors, and several transformed cell
lines (Dedhar et al. 1988). Moreover, in transgenic mice expressing GM-
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CSF, fibrotic nodules developed in areas where macrophages accumulate
(Lang et al. 1987). These lesions have been interpreted as following chronic
macrophage activation induced by GM-CSF. However, another study did
not detect any side effects in response to long-term GM-CSF treatment in
mice (Pojda et al. 1989). Furthermore, GM-CSF does not induce a neosyn-
thesis of a-SM actin in cultured fibroblastic cells, suggesting that its action in
vivo is mediated by other, presently undetermined, substances. In order to
clarify the possible mechanisms of GM-CSF action, we have studied chrono-
logically the formation of granulation tissue after the application of GM-
CSF delivered by osmotic pumps. Our results suggest that the appearance of
a-SM actin expressing myofibroblasts is preceded by a characteristic cluster-
like accumulation of macrophages, thus suggesting that such macrophages
may be involved in the stimulation of a-SM actin synthesis by myofibroblasts
(Vyalov et al., submitted). Clearly, these experiments need further studies
in order to be confirmed, but they indicate that progress in the understand-
ing of cytokine influence on fibroblastic cells may furnish explanations for
the mechanisms leading to the development of a contractile phenotype in
fibroblasts. It is well known that heparin and heparan sulfates inhibit SM
cell replication (Clowes and Karnovsky 1977) and increase the expression of
a-SM actin in these cells (Clowes et al. 1988; Desmouliére et al. 1991). We
have also observed that heparin inhibits proliferation and increases the
expression of a-SM actin protein on cultured fibroblastic cells (Desmouliére
et al. 1992b). The analysis of [*H]-thymidine incorporation in synchronized
cells suggested that heparin produces a selection of a-SM actin expressing
cells. For in vivo studies, osmotic minipumps filled with tumor necrosis
factor-a (TNFa), without or with nonanticoagulant heparin, were implanted
subcutaneously. The local application of TNFa resulted in the formation of
a typical granulation tissue: immunofluorescence showed that accumulated
fibroblastic cells express a-SM actin only in the presence of heparin deriva-
tives. In TFNa-treated animals, electron microscopic examination estab-
lished the presence of myofibroblasts, but a-SM actin was expressed in
microfilament bundles only in the presence of heparin derivatives. These
results show that heparin and its nonanticoagulant derivatives influence the
expression of a-SM actin in fibroblastic cells both in vitro and in vivo and
that this effect is probably related to the selection of a particular cell
subpopulation. They suggest a possible role for heparin during the forma-
tion and evolution of granulation tissue.

In conclusion, the early observation that fibroblasts modify their pheno-
type during wound healing and fibrocontractive diseases has been imple-
mented by several biochemical and functional findings which support
the idea that myofibroblasts are a key cell for the understanding of re-
tractile phenomena. Further studies on the factors regulating the pheno-
type of myofibroblasts will probably be useful for understanding their
behavior in vivo and possibly modifying this behavior in the different clinical
settings.
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Measurement of Microcirculation

H.A.M. Neumann

Introduction

Microcirculation plays an important role in the total vascular system. How-
ever up to a few years ago the microcirculation was understood only with
respect to angiology. This was mainly due to the fact that good investigative
instruments were lacking. In the past decades several noninvasive instru-
ments have become available for this purpose. In recent years more interest
has been given to the relationship between venous diseases, microcirculation
and venous leg ulcers. With more knowledge about the microcirculation, the
need for investigational tools for daily practice will grow. Here, I will mainly
focus on noninvasive techniques for measuring the skin microcirculation.
Special attention will be given to the connection between the skin micro-
circulation, venous diseases and wound healing.

Although not all of the available techniques are noninvasive, for fre-
quent use these techniques are preferable. All techniques discussed here
have been used up to now mainly for research. In daily practice these
techniques are not yet established. The major techniques for studying the
skin microcirculation are summarized in Table 1.

We have to realise that all these techniques do not measure the same
thing. Thus to get a good impression about what is going on in the superficial -
capillary — plexus, we need, in general, to use more than one technique. By
combining the results of these techniques it is possible to make conclusions.

The skin microcirculation can be divided in two major parts: the nutri-
tional flow and the thermoregulatory flow. The capillary loops just under the
epidermis filling the dermal papillae are the nutritional capillaries. Flow in
this part is only <15% of the total microcirculatory flow. The deeper
capillaries have their main function in regulation of body temperature. This
is called the thermoregulatory microcirculation. Flow here is =85% of the
total flow. As not all techniques can penetrate both parts of the micro-
circulation, some techniques measure only one part, others a combination.
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Table 1. Techniques for investigating the microcirculation

Noninvasive Capillaroscopy
Direct
With dyes
Transcutaneous oxygen tension
Laser Doppler flux
Plethysmography: capillary filtration rate

Invasive Direct capillary pressure
Micro(lymph)angiography
Radioisotope techniques
Immunovhistopathology

Disease in relation to the microcirculation can also be divided in two
major groups: (1) a primary process at the level of the microcirculation and
(2) diseases of circulation — arterial or venous — with secondary influence on
the microcirculation.

Leukocytoclastic vasculitis is a typical example of a primary process in
the microcirculation. Such a vasculitis will lead to skin changes such as
purpura and sometimes even necrosis. Also, diabetic microangiopathy can
in some cases be regarded as a primary process of the capillaries.

Especially in the second group of microcirculatory diseases, many skin
changes will occur in the course of both arterial occlusive disease (AOD)
and chronic venous insufficiency (CVI). Although the primary cause will be
a dysfunction of the major circulation, all clinical signs (skin lesions) will
present as alterations of the skin microcirculation.

Skin circulation can change from one point to another as has been
shown in patients with CVI. By use of transcutaneous oxygen tension
measurements (tcPO,) it was proven that circumscribed hypoxia occurs in
venous leg ulcers, white atrophy and lipo- and dermatosclerosis areas. In
contrast, a more gradually diminishing tcPO, is found from proximal
to distal in AOD patients. Also a parallel can be made between retinal
angiopathy and a low tcPO, of the skin in patients with diabetes mellitus.
Special stress tests are of value for this purpose.

The introduction of video capillaroscopy makes it possible to differ-
entiate between primary and secondary Raynaud phenomena. In the near
future several skin diseases such as necrobiosis lipoidica and Martorell’s ulcus
will be interesting conditions to study at the level of the microcirculation.

New techniques, with a combination probe for tcPO,, laser Doppler and
capillaroscopy are already available. This makes it possible to study the
microcirculation at one spot with three major noninvasive tools.

Some functional measurements on the microcirculation can be made
with a capillary filtration rate technique. This can be done with several types
of plethysmography with or without additional radionuclide methods. The
skin microcirculation is closely connected to the lymph system. New pos-
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sibilities such as microlymphangiography and lymph capillaroscopy are now
being used.

Noninvasive Techniques
Transcutaneous Oxygen Measurements

The tcPO, measurement is a polarographic method using a Clark electrode
[1]. In 1951 Baumberger and Goodfriend [2] reported that they were able to
measure arterial oxygen pressure through intact human skin.

The measurement of oxygen tension at the surface of the skin has been
shown to yield values closely corresponding to those of arterial oxygen
tension, provided the skin at the measuring site is sufficiently heated. This
increases tissue perfusion to such high levels that no significant diffusion
gradient can develop between the oxygen “source,” i.e., small arterioles,
and the oxygen electrode [3]. The PO, so measured is referred to as the
transcutaneous PO,, abbreviated tcPO,.

Continuous transcutaneous oxygen monitoring has become routine
practice in neonatology, where it provides a reliable and instantaneous
measure of arterial oxygenation [4—-6].

In general practice a commercially available polarographic analyzer of
transcutaneous oxygen with a Clark-type electrode [1], according to Huch et
al. [4], is used. To obtain reliable results it is necessary to heat the skin [7].
Measuring at normal skin temperatures yields tcPO, values in normal
subjects of approximately 10 mm Hg [8]. In general measurements are done
in the supine position (Fig. 1) at room temperature. Before measurements
are performed the subject rests in the supine position for 15min. A period
of 15-20min is necessary to obtain a good diffusion equilibrium [7].

The tcPO, method is, in contrast to capillaroscopy and laser flux tech-
nique, a reflection of the overall function of the skin microcirculation. The

High venous pressure (CVI)

Anatomical and functional alterations
of the skin microcirculation

Chronic subclinical immunoreaction

— Inflammation —
1
Fibroblast stimulation«———
Auto-
Thickening of the dermis ampli-
(lipodermatosclerosis) fication
Low tcPO,

Fig. 1. A model of low PO, and CVI
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signal is generated from both the nutritive and thermoregulatory parts of the
microcirculation, arteriovenous shunts and the afferent-efferent arterial and
venous networks.

A significantly lower tcPO, was found by us in legs of patients with CVI
syndrome compared to the value of a normal control group without known
vascular disease [7, 9]. This finding has been confirmed by several other
authors [10~16].

Tonnesen introduced, already in 1978, measurement of tcPO, for
patients with AOD [17]. Further studies were performed by Matsen et al.
[18]. There exists a clinical correlation between the tcPO, value and the
classification of AOD according to Fontaine. Especially stages III (pain at
rest) and IV (necrosis) show significantly low to very low tcPO, values [19,
20]. For AOD the value of tcPO, measurement can be enhanced by stress,
such as before and after occlusion, supine and standing position or walking
[21]. All these investigations show what seems to be logical: the tcPO, will
diminish when the arterial influx diminishes. However, also in cases of CVI
but without any sign of arterial disease very low tcPO, values can be
measured [7]. This technique can thus be misleading regarding the surgeon’s
decision to perform an amputation [20]. In these cases it is very important
that CVI be ruled out as the cause of the low tcPO,.

tcPO, measurement is of special value for monitoring treatment sched-
ules for vascular patients. For CVI it has been proven that compression
therapy, i.e., edema reduction [22], drugs such as O-(B-hydroxyethyl)-
rutosides and stanozolol [23, 24], surgical treatment of lipodermatosclerosis
[25] and urokinase treatment [26] will enhance tcPO,. In AOD, tcPO,
technique is also used for this purpose. Infusion therapy with prostaglandin
E1 has been done in patients with Fontaine stage III and IV [27].

In diabetic children and adults [28], tcPO, measurements will only be of
value when a postocclusive hyperemic test is used [21, 29]. During 4 min a
suprasystolic occlusion is given. After releasing the occlusion a postocclusive
hyperemia will occur. The time necessary to reach the preocclusion tcPO, is
measured. In diabetes patients a significant elongation as compared to
normal controls exists [29].

Up to now it is not clear if this test is predictive for development of
diabetic ulcers. No comparable studies are available between this hyperemic
test and the alterations observed in the retina.

A totally different application of the tcPO, technique is described by
Prens et al. [30], who introduced this technique in dermatology. Epi-
cutaneously applied known contact allergens are widely used for detecting
allergic eczema. These tests are usually called patch tests. Prens et al. have
used tcPO, for quantification of these patch test reactions [30].

Several factors can cause a lower than normal tcPO,. The most im-
portant of these have been listed in Table 2. In general, a lower than normal
tcPO, can be caused by an insufficient supply of oxygen to the tissues; by
“instrumental” problems, including an abnormally small vasodilatory reac-
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Table 2. Possible causes for a lower than normal tcPO, [7]

Low arterial PO,
Local circulatory impairment (arteriosclerosis)
Systemic circulatory impairment
Respiratory disease
Other

Impeded diffusion from arterial blood to measuring electrode
Instrumental
Insufficient hyperemic reaction
Diminished vasodilatatory response?
Insufficient heat application
Consumption
Increased tissue metabolism
Utilization
Decreased tissue perfusion
Low perfusion pressure, ¢.g., arterial disease, chronic venous insufficiency
Increased resistance to flow of (sub)cutaneous microvasculature: edema, microstructural
changes
Others
Diffusion limitations:
Decreased capillary density
Diffusion barriers
Others

tion to heat causing a greater than normal PO, diffusion gradient from
oxygen source (i.e., the small arterioles) to oxygen “sink” (the measuring
electrode); and finally, by factors related to the utilization of oxygen by the
intervening tissues. In AOD, lower than normal tcPO, values are found
because arterial influx of oxygen to the tissue exists. In other diseases, such
as erysipelas, lower than normal tcPO, values are due to a high consumption
by the inflammatory process and, later on, maybe also to edema formation.
We have shown that edema in the course of CVI has a strong influence on
tcPO, [22]. As oxygen will be soluble in water the main reason for low
tcPO, in edema is decreased capillary density (Table 2). In CVI the de-
creased tcPO, is not so easy to explain. There is no a priori reason why, in
CVI, tissue metabolism should be increased compared to normal, and to
such an extent that, even with the supposedly large hyperemic flow, a
significant oxygen gradient would be caused. If it could first be established
that in CVI the same degree of heat-induced hyperemia can be elicited as in
normal skin, the possibility of increased oxygen consumption (over and
above that caused by the local hyperthermia) could be tested, as described
by Thunstrom et al. [31]. For the time being the most likely cause of the
lowered tcPO, in CVI legs would seem to be an impaired tissue perfusion by
the separate or combined effect of an increased capillary filtration rate,
an increased back pressure and an increased resistance to flow of the (sub)
cutaneous microvasculature by edema and, in long-standing cases, morpho-
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logic changes of microcirculation and/or skin. Particularly relevant to this
discussion is the microangiopathy, a prominent feature in CVI [32, 33].
Bollinger et al. [34] have combined the techniques of intravital capillaros-
copy and fluorescein angiography with video densitometry. This enabled
them to quantitate the transcapillary and interstitial diffusion of a dye
(Na-fluorescein) in the skin of healthy subjects and in patients with CVI
[34]. This work is important in that it correlates morphologic and func-
tional parameters of local microcirculation. The data are very suggestive of
diffusion-limited transport in those areas of skin which have a decreased
capillary density. Admittedly, the diffusional properties of fluorescein
and oxygen are likely to differ, but this is a quantitative, rather than a
qualitative, matter. The link between capillary density and local oxygen
availability could presumably be made by means of the new transparent
electrode of Huch et al. [35], which permits tcPO, readings to be made
simultaneously with intravital (fluorescence) video microscopy of the cu-
taneous capillaries. Their reported results are stated as indicating a good
correlation between tcPO, data and cutaneous capillary density. In low
density capillary networks the tcPO, is reported to approach zero over a
distance of 100 um from a capillary [35].

Browse and Burnand [36-38] postulated that venous ulceration may be
due to the deposition of pericapillary fibrin. This theory was later called the
“fibrin cuff theory”. It is proposed that high venous pressure in CVI causes
leakage of large molecules, such as fibrinogen, through capillaries out into
the pericapillary space. Recently it has been shown that the cuff consists of
fibrin and not fibrinogen [39]. Fibrinogen polymerizes to insoluble fibrin,
forming a pericapillary fibrin cuff that could act as an oxygen diffusion
barrier. A significant increase of the collagen IV layer in or around the
capillaries has also been found [40]. We suggested that the fibrin may
function as a matrix for the formation of collagen.

There are, however, severe doubts about the role of fibrin as a diffusion
barrier [41]. For that reason we studied patients with porphyria cutanea
tarda, which is a rare skin disease in which strong pericapillary fibrin de-
posits (cuffs) are present [42]. As controls we used healthy persons, patients
with CVI with and without fibrin deposits and nonvenous ulcers (Table 3).

Table 3. tcPO, values (mm Hg) in patients with and without fibrin cuffs

Patients Normal PCT CVI CVI Ulcers
n 10 4 8 6 4
Fibrin deposits 0 4 8 0 3
Clinical CVI 0 0 8 6 0
Leg ulcer 0 0 0 0 4
Mean tcPO, 68 74 48 50 71

PCT, porphyria cutanea tarda; CVI, chronic venous insufficiency.



Measurement of Microcirculation 121

The results of this study indicate that porphyria cutanea tarda patients with
fibrin cuffs have normal tcPO, values. Patients with CVI with and without
fibrin cuffs have a lower tcPO,, but no difference could be observed be-
tween the groups. Thus it seems likely that fibrin does not act as a barrier
for oxygen.

The fibrin deposits will be more of an indicator for microcirculatory
disturbances than the cause of low tcPO,. From compression therapy studies
[22] and capillary density studies [10] at least the capillary density seems to
play a role in the oxygenation in CVI. Up to now insufficient knowledge has
been available for the explanation of the lower than normal tcPO, in CVI.
We have postulated a model, as outlined in Fig. 1, to explain the lower than
normal PO, in CVI patients.

Laser Doppler Flux Measurements

The same Doppler principle is used for laser Doppler as for the widely used
ultrasonic vascular techniques. Only the wavelength is different. Usually a
helium neon laser is used with a wavelength of 632.8nm and a power of
2mV. This emitted light is reflected by the moving erythrocytes and, due to
the shift in wavelength after reflection, this light can be detected by the
probe. As erythrocytes move in all directions in the capillaries it is not
possible to measure flow, but only flux. The laser beam light penetrates the
skin for about 1mm. Most probes will sample a volume with a radius of
1mm (43, 44]. The contribution of the thermoregulatory capillaries is 95%
of the signal [45]. That means that the most interesting part of the skin
microcirculation, i.e., the nutritive capillaries, is rather poorly studied
with laser Doppler. Laser Doppler flux measurements are mainly used in
investigating diabetics and AOD.

Laser Doppler flux measurements do not correlate with tcPO, mea-
surements [45]. Laser Doppler flux measurements include signals from the
venous plexus and shunts and are therefore an indicator of thermoregulatory
flow [43]. The value of combining tcPO, and laser Doppler flux in one and
the same probe is for this reason not proven [46], as tcPO, measures more
the overall function of the skin microcirculation.

Lancaster et al. [47] studied microcirculatory flux with the laser Doppler
in patients with CVI. They found a change in the variability of the wave-
form and changes in the absolute level. The observed changes correlated
well with a simultaneously performed photoplethysmographic assessment
of venous reflex.

In an erect position the efficiency of the venoarteriolar response is
reduced in diabetics [48], in patients with CVI [47, 49], and in those with
peripheral vascular disease [50].

Up to now it is not clear if laser Doppler flux measurement will have
a predictive value in assessing peripheral vascular disease, especially in
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diabetics. Besides fundoscopy it will be useful to have a skin model for
detecting “high risk” patients. This is especially important because diabetic
ulcers comprise an important part of the medical care necessary in elderly
people. A good noninvasive and easy to perform test in calculating the risk
for diabetic ulcers will advance daily care of diabetics.

A totally new and promising development in laser Doppler technology is
laser Doppler perfusion imaging [51]. With this technique a scan of a skin
surface can be made, which gives a good impression about the investigated
part of the microcirculation. The resolution of the system is high enough
to provide information about special areas of interest, e.g., ulcers, vascular
malformation, and obstructions. In contrast to the classical laser Dop-
pler flux technique, not only a pinhole, but a real surface of skin can be
investigated.

Capillaroscopy

In 1700 von Marshall described a microscopic technique by which he was
able to visualize the microcirculation in a fishtail [52]. In the last few
decades capillaroscopy has been used for many microvascular studies. This
technique is extensively reviewed by Bollinger and Fagrell [53]. Improve-
ments were made by adding a video camera and TV monitor to the system
[54]. Later, the use of fluorescense dyes, e.g., Na-fluorescein, provided new
possibilities.

The nailfold capillaries are relatively easy to investigate, due to the fact
that the capillary loops run parallel to the skin surface. Other skin areas are
also amenable to investigation, but the capillaries will not be seen as loops,
as is the case in nailfolds, but as dotted or comma-like structures.

In CVI the capillaries in the affected skin areas become tortuous and
they will be visualized as glomerulus-like structures. CVI is a good condi-
tion for studying the microcirculatory alterations with the use of fluorescence
video microscopy [55, 56]. In these studies microthrombi and a large peri-
capillary halo have been observed. The major parameters for capillaroscopy
are summarized in Table 4.

Table 4. Capillaroscopy of the skin microcirculation

Vascular microcirculation
Video microscopy
Capillary morphology
Erythrocyte flow rate
Fluorescence video microscopy
Na-fluorescein as tracer
Indigo green [57]
Lymphatic microcirculation
Fluorescence microlymphography [58]
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Table 5. Nailfold capillaroscopy

With good results:
Scleroderma
Mixed connective tissue disease
Dermatomyositis

With poor results:
Eosinophilic fasciitis
Lupus erythematosus
Rheumatoid arthritis

Capillaroscopy gives a good anatomical impression of alterations of the
microcirculation. Also some information can be obtained about the flow in
the system. By using dyes this technique will give some functional data, e.g.,
regarding leakage of the capillaries. Values obtained about halo formation
as result of capillary leakage are, however, different from the data obtained
from capillary filtration rate.

Capillaroscopy is not only used in assessing Vascular diseases, as in the
cause of CVI, AOD and diabetes, but also in scleroderma, and Raynaud’s
phenomenon [52]. The major indications for nailfold capillaroscopy are
summarized in Table 5. Although it is a complicated technique it is a very
interesting research tool for all who are interested in skin microcirculation.

Studying the skin microcirculation is not very easy. Due to the fact that
all the above described techniques measure a special part of the micro-
circulation, it is useful to combine the different techniques. Other techniques
can also be useful. Direct pressure measurements will give information
about the relationship between macro- and microcirculation. Especially in
CVI1 this technique can be useful for calculating the effect of the high walking
venous pressure on the capillaries (Neumann, unpublished observation).

Capillary leakage can be measured with the filtration rate method.
There are mainly two different types of capillary filtration rate measure-
ments. A plethysmographic method and a combination of this technique
with a radionuclide technique [59]. A very useful technique was described
by Mostbeck, who used a simultaneous measurement of leg and regional
blood volume with plethysmography combined with Tc 99m-labeled ery-
throcytes [60]. Labeling with technetium is easier to use than the classical
labeling with 5;Cr [61] because the half-life of 5;Cr is 28 days compared
with 6h for Tc 99m. The technique is mainly used for pharmacological
studies [60, 62].
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Spatial Pattern of Cutaneous Perfusion
in Wound Healing

M. Stiicker, T. Auer, K. Hoffmann, and P. Altmeyer

Introduction

Cutaneous perfusion is characterized by a marked inhomogeneity [17, 22].
Strongly hyperperfused areas can be localized next to weakly perfused
areas. To assess the spatial pattern of perfusion several one-point measure-
ments of adjoining measuring points are necessary. Noninvasive measure-
ment techniques, such as one-dimensional laser Doppler fluxmetry [LDF,
11}, capillaroscopy [4] and tcPO, measurement [12], demonstrate small,
point-like skin areas only. For the evaluation of subclinical changes in
perfusion, noninvasive objective measuring methods are indispensable [1].
For the first time it is now possible to display a two-dimensional perfusion
image of the skin by laser Doppler scanning (LDS).

For the exact evaluation of two-dimensional perfusion patterns, both the
extent and the intensity of cutaneous perfusion have to be determined. In
this study we tried to answer the question whether there are advantages in
using LDS for the evaluation of skin perfusion in comparison to clinical
evaluation and one-dimensional laser Doppler fluximetry. Furthermore, the
possibility of using LDS for predicting the healing course of surgical wounds
was evaluated.

Material and Methods

Laser Doppler Scanning in a Model of Inflammation

The reactions of 20 healthy subjects (26—76 years, mean 48 years) to defined
amounts of recall antigens were examined. Seven antigens and one control
substance were applied to the skin of the back with the help of a test stamp
(Multitest Merieux, Institut Merieux, Germany). The following were ap-
plied: tetanus, diphtheria, Streptococcus, tuberculin, Proteus, Trichophyton
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Fig. 1. A laser Doppler scanner

and Candida. Evaluation of the inflammatory reaction was performed before
the application of the test stamp and 10 min, and 24, 48 and 72 h afterwards.
All measurements were performed at a room temperature of 23°-24°C after
the patient had acclimatized him/herself to this temperature for half an hour
in a prone position. The reactions were examined in a defined sequence of
techniques: two-dimensional LDS, one-dimensional LDF and planimetry.

As with the conventional unidimensional LDF, the principle of the two-
dimensional LDS (laser Doppler perfusion imager PIM 1.0, Lisca De-
velopement, Linkoping, Schweden) is the Doppler effect of monochromatic
light on moving erythrocytes. The measuring distance between the scanner
head and the region of interest is between 15 and 20 cm; the measurement
takes place without direct skin contact. The area of examination can be as
large as 12 X 12cm, depending on the density of measurement points and
the examination distance. With the help of a mirror system controlled by
two stepping motors a helium-neon laser (wavelength 632.8nm) is guided in
a meandering pattern over the examination area. Signal deviations caused
by irregularities on the skin surface are compensated for by a correctional
algorithm. The resulting perfusion image after processing is made up of 4096
measurement points (Fig. 1). Perfusion values are coded with a six-color
scale, the flux values increasing from blue to green, yellow, orange and red.

A color graduation of three or more was defined as a hyperemic reac-
tion, equivalent to a perfusion intensity of = 3.2 AU. The expansion of this
hyperemic area was compared with the clinical findings. The median flux for
the hyperperfused areas was calculated.

The visible outlines of the erythema were transferred to a piece of
cellophane and determined planimetrically by image analysis (Microscale,
Digithurst, UK). The intensity of the cutaneous perfusion in the center of
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the erythema was detected by one-dimensional laser Doppler (MBF 3D,
Moore Instruments, UK) calculating the mean value of three subsequent
measurements.

Laser Doppler Scanning of Traumatic Lesions

The wounds of ten patients (48—63 years) after different surgical techniques
were examined: cryosurgery in the closed contact method (three patients),
simple excision (four patients) and rotation flaps (three patients). After the
operation the perfusion pattern was monitored daily in the first week and
every 2 days in the second week using LDS. The perfusion patterns were
analyzed according to hyper-, hypo- and unperfused areas.

Results
Laser Doppler Scanning in a Model of Inflammation

Erythema could be quantified by planimetry and by LDS. The planime-
trically determined size correlated significantly with the hyperperfused areas
established with LDS (10min: r = 0.76, p < 0.0001; 24h: r = 0.82, p <
0.0001; 48h: r = 0.89, p < 0.0001; 72h: r = 0.75, p = 0.0010). The mean
size of the hyperperfused areas was larger than that of the visible erythema
(10min: 6.28x; 24h: 1.33x; 48h: 1.8x; 72h: 3.2X). LDS revealed an
elevation in perfusion in nine cases in which the skin demonstrated no
clinical changes. In one case, erythema which was visible clinically did not
display an elevated flux. In healthy skin the flux values measured by the
conventional one-dimensional laser Doppler did not correlate with those
measured with LDS (p = 0.5779, r = 0.13). In the erythemateous areas the
two measurement techniques correlated significantly (p < 0.05).

Laser Doppler Scanning of Traumatic Lesions

In patient 1, a basal cell carcinoma of the left cheek was excised and the
defect closed by a rotation flap (Fig. 2). On the second postoperative day a
marked perfusion gradient from the base to the end of the flap, as expressed
in the color code as the transition from yellow to green to blue, could be
seen (Fig. 3). The suture was not perfused (gray). The suture material itself
appeared as not perfused (gray) horizontal lines. The peripheral part of the
flap was much more perfused than the center.

The surrounding healthy tissue showed an increase in perfusion towards
the margin of the suture. Four days postoperatively the healthy skin around
the flap was still as hyperperfused as it was on the second postoperative day
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Fig. 2. Rotation flap on the left cheek of a patient operated on for basal cell carcinoma: second
postoperative day

Fig. 3. Same patient as in Fig. 2, corresponding laser Doppler scanning (LDS) image: second
postoperative day. Suture (gray), flap, and adjoining tissue can be well differentiated
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(Fig. 4, blue, upper part). However at the suture margin the perfusion
increased even further on day 4. The rotation flap was distinctly more
perfused than on the second day with the exception of the end of the flap
(blue). The perfusion pattern, however, still showed a gradient from the
base to the end and from the center to the borders of the flap.

The gray-coded area of the upper left corner of the flap correlated with
a necrosis that became demarcated during the next few days. The hyper-
perfused areas (red and yellow) which were in direct contact with the
incision doubled in size. On the 12th postoperative day in the gray code area
perfusion was still not measurable (gray). The suture was now strongly
perfused (red) (Fig. 5).

In patient 2 (39 years old), a Kaposi sarcoma was treated by cryosurgery
using the closed contact method. Clinically, on the first postoperative day,
the round impression of the cryostamp was clearly visible; the tumor was
hemorrhagic and necrotic. In the LDS image the round cryostamp could be
recognized (Fig. 6). According to the typical, even clinically visible, inflam-
matory reaction the healthy surrounding tissue developed a marked hyper-
perfusion (yellow and red). The tumor itself was not perfused (gray). On the
fourth postoperative day the necrotic tumor was demarcated. The increase
in perfusion in the region surrounding the cryosurgically treated area had
diminished (from yellow and red to blue). The border between the non-
lesional skin and the treated area was also hyperperfused (yellow). The
whole lesion was hypoperfused, while the necrotic tumor showed no per-
fusion at all (gray, Fig. 7).

Discussion

Since its first use by Stern [18] in the field of skin perfusion, LDF has been
broadly applied [16]. Skin perfusion is influenced by several parameters such
as changes in skin temperature and position of the patient [9]. Since even
measurements at rest are difficult to compare with each other, using one-
dimensional measuring methods the reactive hyperemia after 1-3min of
arterial occlusion is used for the detection of pathological alterations in
perfusion [6]; not the absolute values but relative temporal changes in
perfusion are assessed. Apart from these temporal changes skin perfusion
reveals a spatial inhomogeneity [17, 22]. To guarantee standardized condi-
tions during continuous measurements, the probe has to be placed in direct
contact with the skin [10]. On the one hand the results can be falsified by the
probe-induced pressure, on the other hand skin contact implies the risk of
microbial transfer.

LDS allows examination of the perfusion patterns of the skin without
any skin contact [24]. Our study shows that the elevated perfusion as
verified with LDS extends substantially beyond the region of the planime-
trically quantified erythema. There is a certain correlation between the
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Fig. 4. Same patient as in Fig. 2: fourth postoperative day. The whole flap is hyperperfused.
The adjoining tissue shows a marked increase in perfusion towards the margin of the suture

Fig. 5. Same patient as in Fig. 2: 12th postoperative day. Replacement of the previously
unperfused suture by strongly perfused tissue
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Fig. 6. Cryosurgery of a Kaposi’s sarcoma, corresponding laser Doppler scanning (LDS)
image. The round impression of the cryostamp can be recognized. The necrotic tumor is not
perfused (gray)

Fig. 7. Same patient as in Fig. 6: fourth postoperative day after cryosurgery, corresponding
laser Doppler scanning (LDS) image. Increased perfusion of the margin of the wound, still no
perfusion of the necrotic tumor
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dimensions of the erythema and the hyperperfused area, although no con-
stant factor for this relationship can be established. Clinical determination of
the expansion of an erythema as the basis for planimetry is subjective. The
differentiation of reds and browns can be especially difficult in sunburned
skin [8]. Evaluation of the expansion of a skin reaction by one-dimensional
fluximetry (LDF) has been discussed previously [20]. In clinically healthy
skin the flux values measured with the LDF did not correlate with those
measured by LDS. When the erythema was due to the reaction to trauma or
to the antigens of the test stamp, the flux values of both techniques cor-
related significantly. It appears that subclinical inhomogeneities in cutaneous
perfusion can be detected less exactly with one-dimensional LDF than with
LDS. For this reason the variance of the LDS measurement is smaller than
that of the LDF [14]. Obviously LDS allows a much more objective as-
sessment of two-dimensional perfusion patterns than LDF or clinical evalua-
tion. With one-dimensional LDF perfusion changes can be detected during
exercises, €.g., intraoperative stretching of a flap [13]. When controlling skin
perfusion for a longer period the examination of exactly the same location
with one-dimensional measuring methods is problematic. LDS reveals ad-
ditional points for orientation because of the two-dimensional perfusion
image. Thus development of increased, decreased or nonperfused areas of a
wound can be evaluated.

The influence of different suture materials and techniques can be eval-
uated also. According to our first studies it seems to be possible to identify
necrotic areas of a rotation flap by LDS prior to their clinical demarcation.

In cryosurgery one benefits from the cold sensitivity of tumor cells [2].
Decisive for the success of cryosurgery is the quick freezing and slow
defrosting of the treated tissue [5]. Increased perfusion of the surrounding
area slows the freezing and accelerates the defrosting [15]. Therefore the
hyperemia of the surrounding, not of the treated, skin caused by the cold is
an important potential source of disturbance. Already during treatment,
perilesional perfusion is increased [3]. The laser Doppler scanner shows that
this reactive hyperemia includes a large area of the surrounding tissue for
several hours or days. This is in accordance with the clinical experience of a
posttraumatic exsudative inflammatory reaction. In the cryosurgical lesion
only the tumor area was without perfusion, while the rest of the lesion
showed weak perfusion. This might support the observation of an increased
sensitivity of the tumor to low temperatures. Blood flow through the capil-
laries stops nearly completely during cryosurgical treatment [25]; that of
large vessels remain unchanged [7]. The LDS signals are caused by the flow
of red blood cells through the capillaries of the papillae and the deeper,
subpapillary thermoregulatory plexus [23]. The weak remaining perfusion of
the scanner image results from blood flow in the deeper dermal vessels.

Apart from being influenced by perfusion, skin temperature is de-
termined by the heat conduction of the tissue and by metabolic heat pro-
duction [21]. In exudative processes skin perfusion, as the determining
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factor of skin temperature, takes a back seat in relation to evaporation [19].
Therefore thermography seems to be less suited for the objective evaluation
of cutaneous perfusion in wound healing than does LDS.

To summarize, LDS is a new method for the evaluation of perfusion

patterns of skin without skin contact. The two-dimensional image allows the
examination of various single measurement points discontinuously and for a
longer period. Through this the effects of different surgical techniques and
drugs on perfusion during wound healing can be quantified.
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The Vascular Architecture of the Keloid:
A Scanning Electron Microscope Study
on Vascular Corrosion Casts

A. Lametschwandtner' and O. Staind]?

Introduction

Healing of skin lesions is a complex process in which intracellular and
extracellular factors interact. Morphologically the entire healing process
consists of three stages: (1) the exudative stage, (2) the proliferative stage,
and (3) the reparative stage.

In the exudative stage fibrinogen/fibrin is the key element. It seals the
wound edges and provides the basis for the initiation of wound healing. In
the proliferative stage fibroblasts are the dominating cell type. Fibroblasts
proliferate into cross-linked fibrin and synthesize collagen. Both collagen
synthesis and the entire wound healing process is highly dependent upon
factor XIII (fibrin stabilizing factor, FSF). This factor, a f-globulin, catalyzes
fibrin cross-linkage which leads to a clot of considerable mechanical strength.
This process is essential for normal wound healing [1]. Factor XIII inhibits
proteolysis by preventing the proliferation of connective tissue cells and the
incorporation of a-antiplasmin in the fibrin matrix [17]. Fibronectin also
plays a specific role in the wound healing process. It mediates the adhesion
of fibroblasts to collagen. Fairly recently, immunohistochemical evidence
has shown a relationship between disturbed wound healing and resulting
pathological scar formation, on the one hand, and the blood plasma level of
factor XIII, the fibronectin concentration in intercellular compartments, and
the formation of pathological fibroblasts — termed myofibroblasts — on the
other hand [4, 8, 9, 11].

Keloids

Keloids are a dreaded complication occurring in the reparative stage of
wound healing. It is still not fully understood which mechanical factors
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Fig. 1. Histology of the keloid. The nodular accumulation of fibroblasts (N) becomes evident.
Semithin section; azure-II/methylene blue, X175

ultimately cause keloid formation. Clinically, a keloid is defined as scar
tissue which outgrows the original wound area and, similar to a tumor,
proliferates into adjacent healthy tissue. A major difference between keloids
and hypertrophic scars is the absence of spontaneous regression in the
keloid. Usually, keloids also have a more delicate surface texture and
contracture is less frequent than in the case of hypertrophic scars.

There is a familial disposition to keloid formation. As a rule, young
persons are affected and keloids have also been observed more often in
dark-skinned people. Certain regions of the body, such as the presternal
region, the shoulders, the neck, and the external regions of the upper arms
are predisposed to the development of keloids [14].

The above-mentioned biological and clinical points of differentiation
between keloids and hypertrophic scars are not reflected in the histology of
the keloid (Fig. 1). Both lesions are characterized by an excessive increase
of collagen forming discrete nodules. Increased levels of fibronectin, im-
munoglobulins, histamine and chondroitin-4-sulfate have been found both in
hypertrophic scars and in keloids. PO, values are lower than in normal skin,
whereas PCO, values are higher [11].

In both keloids and hypertrophic scars, Lehmann and Gabbiani [13]
observed myofibroblasts. The latter term has been used by the authors to
denote pathologically altered fibroblasts of the same type as demonstrated
on electron micrographs of Dupuytren’s disease and various forms of tra-
cheal stenosis. The presence of these myofibroblasts and the increase in
fibronectin appear to be attributable to a disorder in collagen metabolism.



The Vascular Architecture of the Keloid 139

In addition to the above-mentioned intracellular and extracellular
parameters, the vascular structure of keloids and hypertrophic scars shows a
number of characteristics which so far have only been described histolo-
gically. Compared with normal skin, an inordinate hypervascularity has
been observed in keloids [10].

While there exists an abundance of literature on the microstructure of
keloids, no detailed analysis of scar tissue in general, or of keloids in
particular, has yet been done. This may be due to the insufficient depth of
focus of light microscopes, which do not allow one to visualize the three-
dimensional course of blood vessels over longer distances. Reconstruction of
the course of blood vessels by means of serial sections is laborious and time-
consuming.

In contrast, the microvascular corrosion cast/scanning electron micro-
scopy (SEM) method [15, 16], due to its high depth of focus and the positive
identification of cast arteries and veins [18], can provide information on both
quality and quantity of blood vessels within healthy and diseased tissue. It is
the objective of this chapter to demonstrate that the microvascular corrosion
cast/SEM method enables one to replicate the blood vascular system of
tissues harvested during surgery. The keloid, whose behavior is essentially
determined by its vascular structures, provides a worthwhile study object.

Material and Methods

Three keloids obtained during corrective surgery were prepared for his-
tology and the microvascular corrosion cast/SEM method. Sufficient filling
of the vascular bed was achieved in one specimen only. This was a keloid
(12cm by 7cm) removed from the pectoral skin of a 22 year old male
patient (Fig. 2).

Light Microscopy

Keloid tissue samples (1cm? in size) were fixed by immersion in buffered
2.5% glutaraldehyde (0.15M cacodylate buffer, pH 7.35), dehydrated in a
graded series of ethanol and propylene oxide and embedded in Epon 812

(Serva). Semithin sections (1um) were stained with azure II/methylene
blue.

Microvascular Corrosion Casting
Excised keloids were immediately immersed in heparinized saline (15 IU/ml)

and transferred into the preparation laboratory. Here an artery was dis-
sected free under stereomicroscopic control, a fine glass cannula was in-
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Fig. 2. Keloid of the pectoral skin in a 22 year old male patient. H, necklace

troduced and securely tied in place. Then larger vessels cut by the surgical
removal were carefully ligatured with suture material and the blood vascular
system was rinsed with heparinized saline. Using the same route Mercox-Cl-
2B, diluted 4:1 with monomeric methylmethacrylate (FLUKA, Buchs) [5],
was injected by manual pressure. After polymerization of the injected casting
material the surrounding tissue was macerated with 15% potassium hy-
droxide (40°C), rinsed in several passages of distilled water, submerged for
15min in 5% formic acid (20°C), and finally deep-frozen in bidistilled water.
Freeze dried corrosion casts were mounted to specimen stubs using the
“conductive bridge method”, sputtered with gold, and examined in a scan-
ning electron microscope at 5kV accelerating voltage. In order to study the
internal vascular architecture of the keloid, the corrosion cast was sectioned
into Smm thick slices while refrozen in distilled water. For further details on
the method, see references in [12, 18].

Results

Figure 3 shows the examined vascular corrosion cast in toto. It can be seen
that the microvascular bed is not entirely filled all over the specimen. While
in zone c subpapillary capillaries are well cast, areas marked a and b reveal
predominantly the subpapillary venous plexus with fewer capillary loops
entirely cast (Fig. 4) than in normal skin (Fig. 5). Capillary loops are simple
(Fig. 6) and lack arteriovenous anastomoses shunting ascending and des-
cending portions of the loops at different levels in normal skin. In the keloid
capillary loops ascending and descending portions are farther apart than in
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Fig. 3a—c. Cast of the microvascular bed of the keloid demonstrated in Fig. 2. Scanning
electron micrograph. Photomontage consisting of 13 single micrographs. a, b, ¢ Correspond
with areas labeled in Fig. 2. Note the longitudinally running capillaries in ¢

Fig. 4. Vascular bed of the papillary layer of the keloid. Microvascular corrosion cast
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Fig. 5. Hair-pin capillary loops of normal skin. Note the thin ascending and the somewhat
thicker descending loop of the capillary. Sometimes capillary loops are twisted (arrow)

Fig. 6. Close-up view of papillary capillary loops of the keloid. Note the uniform thickness of
ascending and descending capillary loops (arrows)

normal skin (Fig. 7). Twisted capillary loops as seen in normal skin (Fig. 5)
are absent. Sections through the cast keloid microvascular bed reveal densely
vascularized areas, but also avascular patches (Fig. 8). In the densely vas-
cularized areas, capillaries and small venules are most common. Larger
vessels, if present, have a highly tortuous course.
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Fig. 7. Capillary loop of the papillary layer of the keloid. Note the wide distance between
ascending and descending loop (arrows)

Fig. 8. Cut surface of the keloid microvascular cast revealing densely vascularized areas (star)
with avascular patches between (arrows)

When viewing normally the papillary and subpapillary zones of the
vascular bed it is seen that large vessels are aligned either longitudinally
(Fig. 3; upper half) or transversely (Fig. 3, lower half; parallel to right or
left margins of the micrograph). In the papillary layer, when viewed from
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Fig. 9. Detail view of a cast arteriole (A) and venule (V). Note the round profiles of both
vessels and the prominent endothelial cell nuclei imprints

Fig. 10. Endothelial cell nuclei imprints on a cast venule (V) and capillary (K)

above (normal), capillaries overlaying the subpapillary venous plexus run in
a longitudinal direction (Fig. 3c).

Details from the casts of arterial, venous and capillary vessels show
pronounced imprint patterns of endothelial cells or endothelial cell nuclei.
This indicates that in keloid vessels endothelial cells or their nuclei con-
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Fig. 11. Avascular area (asterisks). Note the vessels radially projecting into the avascular space
(arrows)

spicuously bulge into the vessel lumen (Figs. 9, 10), a finding not so pro-
minent in normal skin vessels (Fig. 5).

Surprisingly, all cast vessels have a rather round profile (Fig. 9). Tapered
or flattened vessels indicative of compression by surrounding keloid tissue
are absent. This is also true for vessels adjacent to avascular areas with
radially protruding blind-ending branches (Fig. 11). Some of these structures
are without any doubt artifacts, especially the round-ending ones, whereas
the pointed-ending ones probably represent vascular sprouts proliferating
into the avascular areas (Fig. 10).

On closer inspection the vascular casts reveal structures in venules
indicative of sphincters (Figs. 12, 13). Since the keloid has a compact
connective tissue parenchyma, the casts not only replicate the luminal struc-
tures, but also deeper elements of the vessel wall, such as spirally arranged
smooth muscle cells of the vessel media (Fig. 14), or even collagen fibers
adjoining the vessels external layers (Fig. 15).

Generally, the endothelial cell nuclei imprint patterns are more pro-
nounced on venous vessels (Fig. 16). These also exhibit a large number of
tipped, blind-ending branches. Some of them have “horns” or sprouts,
doubtlessly a sign of incipient vascular proliferation (Fig. 17). It should also
be noted that venules opening into larger vessels vary greatly in size and
caliber (Fig. 18).

Moreover, attention has to be drawn to “plastic strips” (Fig. 19). These
were first described by Anderson and Anderson and by Castenholtz et al. [2]
and since then have been a long-lasting subject of discussion.
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Fig. 12. Venule (Ve) draining into a larger vein (V). Note the circular constriction at the
entrance of the venule (arrows). The capillary (K) reveals obliquely arranged, spindle-shaped
imprints (arrowheads)

Fig. 13. Two venules (Ve) join a larger vein. Note the caliber changes at the entrance sites
(arrows); A, arteriole

Furthermore, circular constrictions of various degrees have been found
immediately at or somewhat away from the sites where small venules empty
into larger ones (Figs. 12, 19). These constrictions probably respresent sites
of sphincters.
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Fig. 14. Venule with spirally arranged, spindle-shaped imprint patterns (arrows)

Fig. 15. Extravasal structure with proposed imprints of nearby collagen fibers (arrows); A,
arteriole

Discussion

In all three keloids removed during surgical correction vessels large enough
for cannulation were dissected without any difficulties. Despite the fact that
all three vascular corrosion casts were prepared by the same method, only
one specimen was sufficiently cast to be studied in the SEM. In the well
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Fig. 16. Venule (Ve) with tapered, blind-ending structrues

Fig. 17. Tapered-ending blood vessel interpreted as sprout

filled specimen the vascular bed obviously was supplied by a large vessel,
whereas in the other two specimens the supply was probably via small
collaterals and the injected resin bypassed the microvascular bed through
larger arterial branches of the cannulated vessel. It becomes evident that the
success of casting intraoperatively harvested tissue cannot be predicted with
certainty and to a large degree depends on how the vascular bed has been
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Fig. 18. A vein (V) receives many venules of differnet calibers

Fig. 19. Venule with “plastic strips” (asterisks). Note the prominent constriction of a venule
(arrow)

severed by the excision. If precautions such as coating cut surfaces with low
melting point paraffin improve the casting outcome still has to be tested.
Compared with normal skin the keloid examined is much more densely
vascularized [6, 7]. In particular, the subpapillary venous plexus is much
more developed. Moreover, in the keloid bulging of the endothelial cell
lining was prominent in arterial and venous vessels. Occluded vessels, des-
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cribed in immature keloids [11], were not found. Since many small vessels
were not ligatured thus serving as efflux pathways, and since several capil-
lary loops of the papillary layer were not cast thoroughly, it seems very
unlikely that too high injection pressure explains the lack of compressed or
occluded vessels. Furthermore, the cast studied was a mature one. The lack
of compressed vessels indicates that the tissue pressure in the keloid was not
increased. On the contrary, vessels were found to be exceptionally wide with
round profiles. This observation fits very well with the hyperemia found
at macroscopic examination of the keloid. How far the treatment of the
excised tissue prior to casting caused vasodilation cannot be stated.

Finally, it should be mentioned that the vascular system of the keloid
showed no prominent damage or leaks. Extravascular structures that do not
represent normal vessels (Fig. 3) are rare and have been found also in
normal skin and were considered to represent microlesions.
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Growth Factor Control
of Wound Healing Angiogenesis

D.R. Knighton, V.D. Fiegel, and G.D. Phillips

Introduction

Angiogenesis is a fundamental biologic process which plays a pivotal role in
development, pathologic states and physiologic responses. In the developing
embryo, blood vessels form by two mechanisms: (1) vasculogenesis, in
which mesoderm-derived angioblasts migrate to specific sites in the embryo
and form a network of vascular cords, and (2) angiogenesis, which occurs
primarily during organogenesis, and is characterized by the sprouting of new
vessels from the established cords into previously avascular organ rudiments
[1, 2]. Soluble angiogenesis factor or factors deposited in the extracellular
matrix may act to stimulate and direct this neovascularization.

Angiogenesis is also a significant component in a multitude of pathologic
states. Solid neoplastic growth requires angiogenesis to provide the oxygen
and nutrients to sustain the rapid growth of a tumor [3]. A number of
factors associated with, or isolated from tumors, including basic fibroblast
growth factor (bFGF) [4, 5], tumor necrosis factor-a (TNF-a), vascular
permeability factor (VPF) [6], prostaglandins of the E series (PGE) [7],
endothelial cell stimulating angiogenesis factor (ESAF) [8] and angiogenin
[9] could act as the stimuli and/or regulators for tumor vascularization.

Examples of physiologic angiogenesis occur during pregnancy and wound
healing. Early in pregnancy, the corpus luteum produces angiogenesis factors
which induces its own vascularization [10, 11]. In the later stages, the
maternal placenta elaborates angiogenesis factors implicated in the modula-
tion of placental vascularization [12-15].

The formation of capillaries is also crucial for the successful healing of
wounds. The angiogenesis which accompanies wound repair provides for the
nutritive and oxygen requirements of the new tissue and plays an equally
important role in removing the waste products of metabolism. When
angiogenesis is impaired due to disease, age, irradiation, or steroid treat-
ment, wound healing is adversely affected. Macrophages, neutrophils,
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platelets, fibroblasts, endothelial cells and smooth muscle cells within the
wound environment are capable of releasing a variety of growth factors that
have been implicated in the control of angiogenesis [16]. Although each
isolated factor has influenced endothelial cells in vitro, neovascularization
in vivo, or some facet of angiogenesis in a variety of assays, their exact role
in the regulation of wound healing angiogenesis remains to be determined.

The goal of our laboratory has been to explore the role of those factors
derived from the platelet a-granule in wound healing angiogenesis. Specifi-
cally, we have studied the effects of platelet a-granule releasate on the
chronology and morphology of wound healing angiogenesis, and the mech-
anisms of transforming growth factor-f (TGF-f)- and platelet-derived
growth factor-BB (PDGF-BB)-induced angiogenesis.

The Morphology of Angiogenesis

The morphology of new capillary growth has been described in detail.
Autoradiographic and scanning electron microscopy studies demonstrate
that new capillary growth is initiated with endothelial cell movement [17-
19]. First, the venular capillary endothelial cell produces proteases to dissolve
the basement membrane. A new capillary sprout is drawn away from the
parent capillary or venule and forms a bud. The capillary endothelial cell
then migrates toward the stimulus. The bud becomes a capillary sprout, and
the trailing capillary endothelial cells are stimulated to proliferate in order
to elongate the new sprout. This process continues, forming a capillary loop,
and a capillary network which eventually is remodeled into a mature capillary
bed. As they mature, they produce a new basement membrane and are
surrounded by pericytes. In short, angiogenesis is characterized by at least
five processes; (1) endothelial cell chemotaxis, (2) endothelial cell prolifera-
tion, (3) endothelial cell protease production, (4) the formation of endothe-
lial cell tubes, and (5) production of a new basement membrane. The
chemotactic process provides the initial signal for capillary growth and also
the direction of growth, protease production allows the migrating cell to
dissolve its basement membrane and connective tissue matrix, cell division
provides the additional cellular mass, and tube formation represents endo-
thelial cell differentiation.

Although the sequence of events in angiogenesis has been described, the
regulation of these events is unclear. Since angiogenesis plays such a pivotal
role in many biologic processes, understanding the biochemical regulators of
the process has received a wealth of experimental attention. A vast number
of studies have dealt with “angiogenesis” factors, but the answers they have
provided about the biologic regulation of angiogenesis are confusing.

A series of experiments was performed to examine the effect of platelet
growth factors on the chronology and morphology of the angiogenic response
during wound repair [20]. Collagen sponges (1 cm diameter) were saturated
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with either 0.9% NaCl or an a-granule releasate from 5x10° platelets/ml,
known as platelet-derived wound healing formula (PDWHF) [21]. The
sponges were subsequently implanted subcutaneously in the hind limbs of
rats, superficial to the gluteus maximus muscle. The surrounding tissue
treats the sponge as a wound space and attempts to fill it with granulation
tissue, of which capillaries are a component. At time intervals ranging from
6h to 14 days the vasculature of the hind limbs was perfused with Mercox
polymer via the abdominal aorta. Once the polymer hardened, the tissue
surrounding and subjacent to the sponge was digested away with alternating
emersions in KOH and distilled water. The resulting casts of the blood
vessel lumina were sputter-coated with gold and viewed with the scanning
electron microscope at 8-20kV.

In the vessels beneath the sponges treated with saline, hemispherical
depressions representing the marginating sites of leukocytes were apparent
in the replicas of venules by 6h after the implantation. The number of
marginating leukocytes increased through 24 h. Vessel sprouts were visible
in the same venules by 48 h and were the predominant structure between 72
and 96h. Initially the sprouts were singular, with second order divisions
occurring in the later time intervals. Between 7 and 14 days, a network of
capillaries formed in and around the sponge, presumably by end-to-end,
side-to-side, and side-to-end anastomoses. This process of wound healing
angiogenesis was accelerated and augmented by treating the sponges with
PDWHF. Maximum margination of leukocytes was observed at 6h instead
of 24 h after surgery. The first vascular sprouts were seen at 24 h, with their
numbers peaking at the 48 h time point. Between 7 and 14 days, the number
of vessels forming in response to PDWHF dramatically surpassed that
stimulated by saline alone. Thus, it appears that PDWHF accelerated the
time course of normal wound healing angiogenesis and also enhanced the
magnitude of the angiogenic response.

TGF-p-Stimulated Angiogenesis

Transforming growth factor-f is a known component of PDWHF and has
been reported by other investigators to stimulate angiogenesis [22]. To
confirm the angiogenic capacity of TGF-f we incorporated the protein into
Hydron, a slow release polymer, and examined its angiogenic activity in the
rabbit corneal assay [23]. The rabbit cornea is normally avascular and
provides an excellent model for visualizing blood vessel growth stimulated
by an implanted growth factor. The angiogenesis can be graded visually on a
0-4 scale, with +1 representing only slight blood vessel growth from the
blood vessels at the corneal-scleral limbus toward the implant, +2 repre-
senting vessel growth one half the distance to the implant, +3 representing
capillaries extending to the proximal base of the implant, and +4 repre-
senting vascular growth out to and surrounding the implanted factor. TGF-§
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Table 1. TGFp-induced angiogenesis in the rabbit corneal assay

Test substance Positive Tests/total ~Average test score

Control (BSA/HCI) 0/8
0.01 ng/implant TGF-g  0/6
0.1ng/implant TGF-g  0/6
1.0 ng/implant TGF-§  1/8
10 ng/implant TGF-g 7/8
50 ng/implant TGF-f 8/8
100 ng/implant TGF-§  4/4

bW, OO O

Corneas were graded on 0-4 scale and scores were determined
on day 7. Bovine serum albumin in 4mM HCI (the carrier for
the TGF-p) served as the negative control. All corneas which
exhibited angiogenesis showed dose-dependent inflammatory
responses on day 2 as determined histologically.

elicited angiogenesis in a dose-dependent manner, with +4 capillary forma-
tion observed at the 50 and 100ng doses (Table 1). However, TGF-f
induced corneal opacification between 2 and 5 days post implantation,
with this opacification disappearing by day 7. Routine H&E histological
analysis demonstrated the opacification to be an influx of inflammatory cells.
Nonspecific esterase staining of cryostat sections suggested that many of
these cells were macrophages. Transmission electron microscopy revealed
that the majority of the inflammatory cells at 2 days were neutrophils. By 5
days the neutrophils were gone, and macrophages were the predominant
inflammatory cell. Scanning electron microscopy of vascular corrosion casts
showed that these inflammatory cells reached the corneal stroma via the
limbal venules.

Seven days after implantation, a large number of capillaries were
observed between the vessels at the corneal-scleral limbus and the implant.
Histological examination showed that the new capillaries had grown out to
and around the implanted TGF-# and that the inflammation had subsided.
Transmission electron microscopy demonstrated “‘typical” capillaries within
the corneal stroma between the collagenous laminae [24]. Scanning electron
microscopic evaluation of vascular corrosion casts showed capillaries ex-
tending only from the venules at the limbus, forming an extensive network
conforming to the curvature of the cornea.

These studies suggested that TGF-g-induced angiogenesis was indirect in
nature. That is, TGF-§ recruited inflammatory cells which in turn produced
factors which acted on the endothelial cells causing them to form capillaries.
To determine if this indeed was true, the following experiments were carried
out [25]. In experimental group 1, 50 ngTGF-f was implanted in the cornea.
In group 2, the implantation of TGF-f was immediately followed by subcon-
junctival injection of 16 mg methylprednisolone acetate (MPA) to supress
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the inflammation. In group 3, TGF-f was implanted, but the MPA injections
were delayed 2 days to allow the inflammation to occur. Corneas were
analyzed on days 2 and 7. All of the corneas from group 1 exhibited
inflammation followed by intense angiogenesis. All of the corneas in group 2
lacked an inflammatory reaction, and no angiogenesis occurred. In group 3,
after the inflammatory infiltration was allowed, blood vessel formation
followed even in the presence of the MPA.

These experiments showed that inflammation was a required component
of TGF-f-induced angiogenesis. Since in vitro studies of wound-derived
endothelial cell chemotaxis were negative and TGF-£ was found to inhibit
wound-derived endothelial cell proliferation, we concluded that TGF-f is an
indirect angiogenesis factor.

PDGF-BB Stimulated Angiogenesis

Studies were undertaken to investigate the role of PDGF-BB in wound
healing angiogenesis. The results demonstrate the ability of PDGF-BB to
induce a chemotactic response in wound-derived capillary endothelial cells
and the presence of B-type receptors on these cells. In vivo studies of
angiogenesis demonstrate that PDGF-BB induces neovascularization which
appears to be direct angiogenesis at low doses (100ng or less) but is as-
sociated with an inflammatory response at higher doses.

Rabbit wound capillary endothelial cells (RWCECs) were isolated from
sponge implants undergoing active wound healing angiogenesis. To confirm
their identity, the RWCECs were examined for two endothelial cell mark-
ers. Uptake of fluorescently labeled acetylated-low density lipoprotein was
performed on all endothelial cell cultures used in these studies. In addition,
RWCECs were positive when stained for the presence of immunoreactive
angiotensin converting enzyme.

The ability of the three isoforms of PDGF to induce chemotaxis in
RWCECs was examined and the data shown in Fig. 1 demonstrates that
PDGF-BB causes a dose-dependent chemotactic response in these wound-
derived endothelial cells. PDGF-AB has minimal activity and PDGF-AA
had no activity for RWCECs. The results of checkerboard studies indicated
that the migratory effect of PDGF-BB is predominantly chemotactic with a
chemokinetic component. None of the three PDGF isoforms were able to
induce mitogenesis or proliferation of RWCEC.

Scatchard analysis of '*I-PDGF-BB binding to RWCEC demonstrated
the presence of 35000-45 000 receptors per cell and a K value of 0.1-0.3nM.
These values are comparable to that typically found on fibroblasts and other
cells responsive to PDGF-BB. When the various forms of PDGF were
tested for their ability to compete with '*I-PDGF-BB for the cell surface
receptor on RWCECs, PDGF-AA was unable to compete for '*’I-PDGF-
BB binding sites, while PDGF-AB and PDGF-BB were able to displace the
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Fig. 1. Effect of various concentrations of PDGF-AB, AA, and BB on rabbit wound capillary
endothelial cell (RWCEC) chemotaxis. Doses from 0.01-100 ng/ ml were tested. Migrating cells
were enumerated microscopically after staining with Diff-Quik

Table 2. PDGF-BB-induced angiogenesis in the rabbit corneal assay

Inflammation
Material Number of positive Average Day 2 Day 7
corneas/total score

PBS/HSA 0/8 0 - -
PDGF-BB

10 ng/implant 1/4 0.25 ~ -

50 ng/implant 4/6 1.5 ~ -

100 ng/implant 5/6 2.5 - -

250 ng/implant 22 2.5 + -

500 ng/implant 6/6 3.8 ++ +

Corneas were graded on 0-4 scale and scores were determined on day 7. Human serum
albumin (HSA) in phosphate-buffered saline (PBS, the carrier for the PDGF-BB) served as the
negative control. Inflammation at days 2 and 7 was determined histologically.

radiolabeled ligand. These results confirm the presence of the PDGF-BB
receptors on RWCECs.

Various concentrations of PDGF-BB were tested in the rabbit corneal
assay of angiogenesis. PDGF-BB was implanted into the cornea and ex-
amined daily for 7 days. On days 2 and 7, representative corneas were
removed and examined histologically for the presence of inflammation.
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The results of these studies are summarized in Table 2. PDGF-BB induced a
dose-dependent angiogenic response which appeared to be noninflammatory
at doses of 50 and 100 ng/implant. Doses of 250 and 500 ng/implant induced
significant inflammation as determined histologically at 2 days. These results
demonstrate that PDGF-BB is a direct angiogenesis factor at low doses since
it produces new capillary formation in the absence of any inflammatory
reaction and has a direct chemotactic effect on wound-derived capillary
endothelial cells. At higher doses PDGF-BB induces significant inflammation
which is followed by intense angiogenesis.

Discussion

The regulation of angiogenesis is a critically important, fundamental biologic
component of many normal and pathologic processes. The five main events
in the process of angiogenesis have been studied in vitro and described in
detail, and the morphology and chronology of angiogenesis is being examined
with transmission and scanning electron microscopy, but confusion arises
when the growth factor control of angiogenesis is evaluated. Many factors
have been labeled as angiogenic on the basis of one in vivo or in vitro assay.
Is it possible that all of the these factors directly stimulate the production of
new capillaries? If so, should they all carry the label “‘angiogenesis factor?”
If a factor, such as TGF-p, stimulates inflammation followed by angiogenesis
in an in vivo assay, is it a proinflammatory factor or an angiogenesis factor?
If a factor stimulates proliferation of a large vessel lining endothelial cell, is
it an aortic endothelial mitogen or an angiogenesis factor?

As the regulation of angiogenesis by growth factors continues to attract
significant research attention, a standardization of nomenclature and in vivo
and in vitro assays will certainly assist in the interpretation of results and
the understanding of capillary formation. Identical in vivo assay procedures
with careful monitoring of the assay for inflammation, and chronology and
morphology of new capillary formation, should be employed to determine
whether a factor has in vivo angiogenic activity, and if it does, whether the
activity is direct or indirect. This is important clinically because the inflam-
mation associated with indirect angiogenesis could be accompanied by detri-
mental protease production causing tissue destruction or excessive fibrosis in
addition to new capillary formation. Furthermore, the location of the endo-
thelial cell type affected and the chronology and initiation of proliferation,
migration and/or basement membrane destruction by protease production
should be determined. Standardized in vitro assays using a variety of dif-
ferent endothelial cells would determine the presence of any heterogeneity
in endothelial cell response to a given growth factor. When combined with
in vivo histologic and electron microscopic morphologic data, the potential
role of the specific factor in the overall biology of angiogenesis would start
to emerge.
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The orderly analysis of the results from comparative in vivo and in vitro
assays would result in a comprehensive matrix of angiogenesis activities and
begin to elucidate the mechanism by which many different factors in concert,
or as a progressive cascade, stimulate and regulate this fundamentally
important biologic process. These data would also significantly affect future
applied basic and clinical scientific investigation by directing attention
toward a single factor or defining a cellular and/or biochemical cascade.
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Blood Flow in Ulcerated Tissue and Surrounding SKin:
Healing Correlates with Return
of the Venoarteriolar Reflex

D.W. Pryce', P.S. Friedmann', R. Walmsley?, and M.G. Rippon?

Introduction

Assessment of leg ulcer healing is usually made by measuring the area of
ulceration. Measurement of blood flow by laser Doppler flowmetry may be a
more physiological assessment of wound healing. Blood flow in skin can be
quantified with a laser Doppler flow meter. This instrument measures
the Doppler shift in wavelength produced when laser light is scattered by
moving red blood cells within the skin and computes an output known as
“flux”, in arbitrary units, which is derived from the product of the concen-
tration of red cells (within a hemisphere of tissue of 1 mm radius beneath the
probe head) and their average velocity [1]. When the probe is attached to
the lower leg the flux value is highest in the supine position and falls on
standing upright. This effect is known as the venoarteriolar reflex [2]. We
have reported recently that this reflex is attenuated in the base of venous
ulcers when compared with adjacent nonulcerated skin [3]. The veno-
arteriolar reflex is the arteriolar constriction that occurs in the skin of the
lower limb on standing upright. It is postulated that it acts via an axon reflex
and has the effect of protecting dermal capillaries from the increasesd
hydrostatic pressure associated with the upright posture. The receptor site
for the afferent side of the reflex may be located in small veins while the
efferent limb acts on the smooth muscle of arterioles [4]. We wished to see
whether healing is associated with changes in either resting blood flow
(expressed as flux) or the venoarteriolar reflex in the ulcerated area.
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Methods

Patients

There were 15 patients with a total of 20 small (<3 cm in greatest diameter)
venous ulcers who were recruited for the study from the leg ulcer clinic in
our dermatology department. The state of the arterial supply to the lower
leg was assessed, in the supine position, by measuring the systolic blood
pressure in the arm and ankle with the aid of a Doppler ultrasound probe.
The ratio was calculated (‘‘ankle/brachial systolic pressure ratio””) and
patients with values <1 were excluded.

Blood Flow Measurement

We used a laser Doppler flowmeter Perimed PF3 with a Perimed integrating
probe. The integrating probe consists of seven efferent fibres and 14 afferent
fibres (two close to each efferent fibre). The instrument processes an inte-
grated signal which greatly reduces variability due to non-homogeneity
of local microvasculature. The laser Doppler flowmeter and probe were
calibrated according to the manufacturers instructions.

Blood flow (flux) readings were taken from nonulcerated skin over
the lower leg and from directly over the ulcer. The laser probe holder
was attached to the skin or ulcer base using double-sided adhesive tape.
Each subject was required to lie supine for at least 15min before the
study commenced. All measurements were made at the same time of day
(10.00 am-12.30 am) and at a room temperature maintained between 21°
and 24°C. On each subject three sites on nonulcerated skin and one or two
sites on the ulcer were studied. At each site a 3min recording was made
onto a chart recorder and the mean value obtained. After measurements
had been taken in the lying position the subject was asked to stand for
3min. The procedure was then repeated after this interval with the subject
standing upright. The entire procedure was repeated at intervals of 4 weeks
until the ulcer had healed completely. The resting blood flow (flux) and the
postural drop for each month, up to and including the month in which
complete healing occurred, were analysed.

The venoarteriolar reflex at each site was measured as the drop in blood
flow (flux) on standing expressed as a percentage of value in the lying
position:

Venoarteriolar reflex = (flux lying — flux standing)/flux lying x 100

During the study all the ulcers were dressed in an identical manner
with a layered bandage comprising a hydrocolloid pad, a layer of padding
extending from the proximal end of the toes to the knee and an elasticated
bandage also extending from toes to knee. The dressings were changed
twice weekly by the same experienced nursing sister.
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Statistics

Paired data were analysed using the Wilcoxon signed rank test and unpaired
data were analysed using the Mann-Whitney U test.

Results

Of the 20 ulcers studied five had healed after 1 month, 11 after 2 months, 12
after 3 months, 13 after 4 months, 14 after 5 months and 17 after 6 months.
At the time of writing one had failed to heal completely after 18 months and
two patients (two ulcers) have been lost to follow-up. When the 17 ulcers
were healed we were able to look back at the results obtained in the
preceeding months to see how the blood flow and the venoarteriolar reflex
had changed.

Data were available from 17 ulcers in the month when they were fully
healed, 14 ulcers 1 month prior to healing, 11 ulcers 2 months prior to
healing, 6 ulcers 3 months prior to healing, five ulcers 4 months prior to
healing, four ulcers 5 months prior to healing and three ulcers 6 months
prior to healing.

Throughout the observation period the blood flow (flux), in the lying
position, in the bases of the ulcers was significantly greater than in adjacent
nonulcerated skin (p < 0.01) and there was no significant trend as healing
progressed (Fig. 1).
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Fig. 1. Blood flow (flux) in the lying position in ulcer bases (open squares) and in adjacent
nonulcerated skin ( filled squares) when fully healed and 1, 2 and 3 months prior to complete
healing. Mean values (arbitrary units) £95% confidence intervals. Reprinted with permission
from Pryce DW et al. Hemodynamics of leg ulceration assessed by laser doppler flowmetry.
J Am Acad Dermatol 29(5):708-714
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Fig. 2. Blood flow (flux) from the ulcer bases when fully healed and 1, 2 and 3 months prior to
complete healing. Grey bars, lying position; black bars, standing position; Mean values
(arbitrary units). Reprinted with permission from Pryce DW et al. Hemodynamics of leg
ulceration assessed by laser doppler flowmetry. J Am Acad Dermatol 29(5):708-714

100
%_
% g A
0 |
g 70 - T
0 /
P 801 e
| 50
N
P ~
L 301
U
X 20
101
0
3 2 1 0
Months prior to healing
n=6 n=11 n=14 n=17

Fig. 3. The postural drop in blood flow (flux) in the ulcer bases (open squares) and in adjacent
nonulcerated skin ( filled squares) when fully healed and 1, 2 and 3 months prior to complete
healing. Mean values + +95% confidence intervals. Reprinted with permission from Pryce
DW et al. Hemodynamics of leg ulceration assessed by laser doppler flowmetry. J Am Acad
Dermatol 29(5):708-714

Analysis of the postural drop in blood flow (flux) in the bases of the
ulcers did reveal a trend as healing progressed (Fig. 2). The difference
between the blood flow (flux) in the lying and standing positions increased.
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This is represented (Fig. 3) as a positive correlation between the postural
drop in blood flow (flux) in the bases of the ulcers and healing. The postural
drop increased from 35% (95% CI 21-49) 2 months prior to complete
healing to 83% (95% CI 77-90) when fully healed (p < 0.01). In contrast
the postural drop in adjacent nonulcerated skin remained at approximately
70%.

Discussion

Resting blood flow in the bases of small venous ulcers, as assessed by laser
Doppler flowmetry, did not change as healing progressed but we have
shown a correlation between healing and the return of the venoarteriolar
reflex. The venoarteriolar reflex has not been studied previously in relation
to wound healing.

As angiogenesis proceeds perhaps new vessels become innervated and
respond to the axon reflex that is considered to be the basis of the veno-
arteriolar reflex. This is not to say that vascular innervation is necessary for
ulcer healing, as the return of the venoarteriolar reflex could be an effect of
ulcer healing rather than a cause. An alternative explanation might be that
the reflex is related to the depth of the ulcer and therefore to the type of
blood vessel present.

Whether the reflex is related to the presence of innervated blood vessels
or to the anatomical depth of the ulcer, the associaton between the veno-
arteriolar reflex and healing may be useful. Venous leg ulcers heal slowly
and it is sometimes difficult to know from month to month whether there
has been any objective improvement or whether any change of treatment
has improved the chances of healing. Measurement of the venoarteriolar
reflex can be used to monitor the healing of leg ulcers because the reappear-
ance of the reflex in an ulcer base indicates that healing is progressing.
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Three-Dimensional Reconstruction

of Terminal Blood Spaces

in the Proximal Tibia Metaphysis

of the Growing Rat —

A Model to Study Normal Angiogenesis

S. el Gammal', B. Moennig?, K. Hoffmann', and P. Altmeyer!

Introduction

Since Albrecht von Haller’s (1763) suggestion that the vascular system is
responsible for osteogenesis, anatomists have tried to elucidate the vascular
pattern in the metaphysis of the growing bone. Our primary interest was the
development of capillary sprouts and their conversion into new capillary
loops. Since the tibia grows unidirectionally, one would expect that its
capillaries follow a similar pattern. In order to study all vessel-like structures,
including sprouts without an active hemoperfusion, we used serial sectioning
instead of corrosion cast techniques. To understand the growth and hemo-
perfusional pattern it is important to visualize both cartilaginous cavities and
intertrabecular spaces (ITS), and the capillaries and capillary sprouts.

Vessel growth in the growing bone is a particularly interesting model to
study normal angiogenesis. In contrast to wound healing, capillary growth
and architecture follows a structured pattern depending on the location of
the vessels in relation to the epiphysis.

Material and Methods

The reconstruction is based on 4-um sections of a plastic embedded proximal
tibia metaphysis of a growing 23-day-old Wistar rat. The tibia was cut
perpendicularly to the longitudinal axis. All sections were stained with
cresylviolet. Approaching from the epiphysis, we started our reconstruction
at the level of calcifying cartilage. Shortly below this plane we observed the
first extravasations preceeding the capillary sprouts to come. We chose a
region which showed such extravasations only at one spot. By doing so we
had the opportunity to observe and to reconstruct the vascularization of an
area as a whole. In total 35 successive sections were photographed and
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Fig. 1a,b. Terminal blood spaces in the proximal tibia metaphysis of the growing rat. T,
trabecula; ITS, intertrabecular space; C, capillary wall; OT, osteogenous tissue. a Light
microscopic section at the level of the bulbous dilation (arrow in Fig. 3a). Some intertrabecular
spaces communicate through fissures (F). b A few sections further we were able to observe an
erythrocyte passing through a fissure

enlarged to a final magnification of 1080. In a second step the paper prints
were manually preadapted for maximum congruency within the section pile,
allowing two centering points to be passed through all sections.

Structures of interest were redrawn on tracing paper and named by a
system of indices. Special attention was given to structure branching and
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Fig. 1b

fusion. Using a digitizing tablet, the structures were entered as a stream of
points (X/Y coordinates) into an Atari Mega 2 Computer (Atari Corp.,
Sunnyvale, California, USA). The program ANAT3D (el Gammal 1987) is
written in 68000 Assembler (Digital Research, USA) and embedded in a
Pascal shell (Pascal ST+, CCD and OSS, Eltville, FRG) supporting GEM
(Digital Research, USA).

The sections were adapted interactively within the section pile by
matching the centering points. For this purpose, every section was rotated
and translated relative to its preceeding section on a monitor screen. For the
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final reconstruction all structures of interest within the structure list and all
sections necessary within the section pile can be chosen. For every structure
the following reconstruction modes are available: shaded surface recon-
struction, wire frame model (shaded or plain), shaded contour lines, and
point cloud. The reconstruction is moved/rotated/scaled in real time while
the user observes the three-dimensional red—green stereo pictures or color
pictures in line mode. Once the optimal view is found, the objects are
redrawn as realistically illuminated hidden surface models. If there is super-
position, the foreground structures can be made partly transparent by
changing their presentation mode so that foreground and background are
seen at the same time. By suppressing one or more sections, tubular struc-
tures appear to be partly discontinous and it is possible to see the inner and
outer surface simultaneously.

Results

The inner lining of a cartilaginous cavity or intertrabecular space (ITS)
exhibits capillary walls (Fig. 1). Sometimes the trabeculae (T) separate
the intertrabecular spaces or these spaces and a cartilaginous cavity incom-
pletely, thus forming fissures (F) in their lining. All these structures were
entered section by section into the computer (Fig. 2). Figure 3 shows that
the upper part of the neighboring capillary complex (NC) is in close contact
with the capillary C3. The trabecula separating both intertrabecular spaces
belonging to these capillaries shows such fissures, which allow a substantial
noncapillary mediated transport between both sides.

The fissures are represented as small crosses lying at the trabecular
lining (Fig. 2), which turn into diamonds during surface reconstruction
(Fig. 4). Some fissures were up to 90 um long and formed a long opening
with a narrow, but changing gap. It must be postulated that a plasma
exchange takes place through them, as we found blood cells within these
gaps (Fig. 1b).

The branching of capillaries is complex (Fig. 3a) and originates from a
large bulbous dilation (BD). Four capillaries point towards the diaphysis
(C4-C7) and three towards the epiphysis (C1-C3). They show marked
differences in diameter. Two of the three capillaries heading for the epiphysis
are very short (C1 + C2). Both have just penetrated the cartilaginous
capsule by vertical arrosion and both sprouts finish at the upper limitation of
the cartilaginous cavity, which they have just arroded. These sprouts are
supplied by the bulbous dilation (BD) through a wide oval opening. The
third capillary (C3) is much larger in diameter and extends about 60um
towards the epiphysis. At its very top the diameter has diminished to a size
comparable to the two other sprouts mentioned before (Fig. 3a). Similarly,
the sprout C3 is about to enter a new cartilaginous cavity. The confining
capsule (K, Fig. 4) of this cavity, which is represented in line mode, shows
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Fig. 2. A single section with all structures entered into the computer. The location of cell nuclei
and fissures (F) is marked by crosses. ITS, intertrabecular space; OT, osteogenous tissue;
C, capillary wall

Fig. 3a,b. Surface reconstruction of the terminal blood spaces in the proximal tibia of the
growing rat. BD, bulbous dilation; SE, sinusoidal enlargement; NC, neighboring capillary
complex; EX, extravasates. Some capillaries point towards the epiphysis (CI-C3), some
towards the diaphysis (C4-C7). a The capillary complex (NC) is in close contact with C3
through a long fissure. b The shape of the trabecular lining (7') is almost cylindrical, whereas its
capillaries taper towards the diaphysis, providing increasing space for osteogenous tissue
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the extravasates which, at this stage of development, penetrated the cavity
preceeding the capillary sprouts to come. As has been reported by several
authors (Clark and Clark 1940; Anderson et al. 1966; Schoefl 1963; Truetter
1963; Schenk et al. 1967), such extravasations are caused by discontinuities
of the endothelial lining.

Shortly beneath the peak we can observe a sinusoidal enlargement
(Figs. 3, 4) of the capillary, directly below the junction of its intertrabecular
space and three cartilaginous cavities. This junction actually represents a
transititonal zone between the wide intertrabecular space and the narrow,
partly arroded cavities. After arrosion and resorption, these cavities may
become part of a new intertrabecular space.

A similar situation must have existed at an earlier time in the bulbous
dilation beneath (Figs. 3a, 5). One sprout grew further towards the epiphysis
(C3). Another sprout penetrated the separating lateral trabecular bar by
transversal arrosion, entered the neighboring intertrabecular space, and
fused with an adjacent sprout, thereby forming a new capillary loop
(C6 + C7). From the four capillaries of the bulbous dilation (BD) heading
for the diaphysis, only two (C6, C7) are seen in all sections below the
branching. Gaining distance from the dilation, the capillaries of the loop
become smaller in diameter. In contrast to this observation, the trabeculae
(T) run almost perpendicularly (Figs. 3b, 4). The increasing space between
both is filled by a growing amount of osteogenous tissue in the perivascular
space.

Sometimes small connections between different intertrabecular spaces
or cartilaginous cavities develop into wide gaps, through which even capil-
laries may pass, giving rise to syphon-like structures. In Figs. 4 and 6, a
capillary (C6) leaves its original trabecular housing to continue into another
intertrabecular space.

Discussion

Although there have heen many attempts to visualize the development of
capillaries in the growth plate of the proximal metaphysis, details of the
three-dimensional architecture of the capillaries and their interaction are
still unknown.

Using computer-aided three-dimensional reconstructions we were able
to study this network in its natural environment. In contrast to the corrosion
casts, even unperfused long sprouts could be visualized.

The cartilaginous portion of the growth plate is divided into various
zones according to function and morphology. Moving from the epiphysis
towards the metaphysis, three zones are distinguished: the resting (“‘ger-
minal”’) zone, the proliferative zone, and the hypertrophic zone. The
last zone is often subdivided into the zone of maturation, the zone of
degeneration, and the zone of provisional calcification (Brighton 1987).
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Fig. 4. Surface reconstruction of the terminal blood spaces in the proximal tibia metaphysis of
the growing rat. F, fissures in the trabecular lining; 7, trabecular lining; OT, osteogenous
tissue; SE, sinusoidal enlargement of C3; C2, capillary sprout just having arroded a cartilaginous
cavitity; C6, capillary leaving its original housing towards the fore plane; K, cartilaginous
cavities in the zone of provisional calcification; EX, extravasates preceeding the capillary
sprouts to come

Fig. 5. Surface reconstruction (back plane) of the terminal blood spaces in the proximal tibia
metaphysis of the growing rat showing the bulbous dilation with branching capillaries (CI-C7).
C6 and C7 form a capillary loop. The capillary C3 (wire frame mode) ends in a sinusoidal
enlargement, which was omitted in this picture. BD, bulbous dilation; T trabecular lining
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Fig. 6. Surface reconstruction of the terminal blood spaces in the proximal tibia metaphysis of
the growing rat. C6 leaves its original trabecular housing (represented in wire mode) to
continue in another trabecular cavity. Refer also to the inlet (surface mode)

In the metaphysis, terminal branches of the nutrient and metaphyseal
arteries pass vertically towards the bone-cartilage junction of the growth
plate and end in vascular loops or sprouts just below the last intact transverse
septum at the base of the cartilage portion of the plate. At this level the
vessels turn back and fuse to form venous branches descending towards the
diaphysis.

Apart from the sprouts, the loops are closed and do not penetrate the
bone—cartilage junction (Brighton 1987). In the zone of provisional calcifi-
cation, the longitudinal septa are calcified, whereas the last intact transverse
septum is nonmineralized (Schenk et al. 1967).

In light microscopy we often observe a rouleaux formation of erythro-
cytes in capillary sprouts, indicating vascular stasis. We noticed that the last
lacuna of the cartilaginous column is not completely empty, but contains one
or several red blood cells. Figure 1b shows a red blood cell passing through
a fissure in the trabecular lining.

Schenk et al. (1968) reported in an electron microscopic study that
capillary sprouts lined with endothelial and perivascular cells invade the
base of the cartilaginous portion of the plate. Cytoplasmic processes from
these cells push into the transverse septa and, presumably through lysosomal
enzyme activity, degrade and remove the nonmineralized transverse septa.
Electron microscopy of ultrathin sections (Schenk et al. 1967; Schoefl 1963)
indicated that in these blind endings the endothelium is partly discontinous.

We believe that the sprouts invade the former cartilaginous cavity and
eventually occupy the entire cavity space. These processes are repeated as the
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vascular invasion progresses. The shape of a terminal part of a sprout is
therefore just a function of the shape and number of arroded cavities (SE,
Figs. 3, 4).

Our reconstructions showed that those sprouts that manage to penetrate
several adjacent cartilaginous cavities often have a remarkably wide base.
Thus diffusion is facilitated. The irregular shape of the capillary loops causes
turbulences, propagating into the bottom part of the sprouts. Both factors
improve blood exchange, nutrition, and the removal of waste products.
Thus, sprouts can grow to an extent which cannot be achieved solely by
diffusion. The calcified longitudinal septa that separate different cartilaginous
cavities at the zone of provisional calcification are of varying thickness
(Anderson et al. 1966; Schenk et al. 1967). Sometimes when a sprout has
arroded several cartilaginous cavities in succession, it is far ahead of the
other sprouts. In such a situation, thinner bars separating an arroded cavity
from an unarroded one are the predilection zone for transversal arrosion.
Consequently, this sprout penetrates the septa and develops a transversal
extension into the neighboring cavity. This mechanism contributes to the
formation of the bulbous dilation (Figs. 3a, 5).

If the hydrostatic pressure within the two branches of the capillary loop
differs, an oriented circulation of blood develops. Even if both branches
originate from the same capillary loop but from different parts of it,
different intraluminal pressures will be present. Active hemoperfusion will
improve the nutritious situation at the front of vascularization.

This environment activates metabolic processes essential for the
degradation of cartilaginous material and for the remodeling of bone. We
would like to emphasize that the diameter of capillaries visualized in the
reconstruction can be misleading concerning their flow rate and their
relevance for the vascular supply.

Smaller capillaries with active hemoperfusion are far more efficient than
wide capillary sprouts by means of diffusion. As explained above, the wide
sprouts do not have an oriented circulation, and the vascular stasis will
worsen the disastrous rheological situation.

Developmental physiology has taught us that, except for remodeling,
once such a circulation exists, the capillary has a tendency to become well
established, thus promoting further differentiation and histogenesis of the
surrounding tissue. The terminal capillaries of the metaphysis form a
complex three-dimensional system of communicating vessels, where
capillary loops with an active hemoperfusion are the prerequisite from which
sprouts discharge to extend into the surroundings (Fig. 7).

The combination of standard techniques of light or electron microscopy
with computer-aided surface reconstruction and deliberate suppression of
certain structures gives rise to unique, synthetic three-dimensional views of
the interaction between different invading capillaries in neighboring
chondrocyte capsules. The reconstruction revealed a complicated labyrinth
with enlarged sinusoidal vessels towards the epiphyseal plate. This finding is
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Fig. 7. New capillary arcades with active hemoperfusion develop by vertical and transverse
arrosion of cartilaginous cavities

in contrast to the commonly assumed finger-like capillary sprouts or
capillary loops (Dodds 1932; Urist et al. 1980) in the growing bone.

Summary

Using three-dimensional computer-reconstructions from the proximal tibia
metaphysis of the growing rat, we were able to study and visualize the
capillaries and their relationship to the surrounding trabeculae. This method
allowed us to examine even those capillary sprouts, which were not part of a
loop with active haemoperfusion.

Our results show that capillary loops have a bulbous dilation at their tip.
Sprouts disengage from these bulbous dilations. Most of them grow in
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vertical direction towards the epiphysis arroding the last transversal septum
in the zone of provisional calcification. Later, some of them also penetrate
the calcified longitudinal bar of their own intertrabecular space, thus getting
in contact with a sprout from a neighbouring capillary loop. If those sprouts
fuse and their hydrostatic pressure differs, this is the onset of a new capillary
loop with an active hemoperfusion.

Vessel growth in the growing bone is a particularly interesting model to
study normal angiogenesis. In contrast to wound healing, capillary growth
and architecture follow here structured pattern.
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Trace Elements in Normal
and Impaired Wound Healing

T.A. Soderberg

Introduction

For several decades trace elements have been receiving wide attention from
biomedical investigators. Though present only in minute amounts, they have
been shown to perform biochemical functions indispensable to life or, on the
contrary, to interfere with vital processes. The nutritional importance of
trace elements has recently grown rapidly due to better understanding of
their vital biological functions. In wound healing the most important trace
element is zinc, which probably is one of the most important and interesting
inorganic elements related to health sciences. In addition to zinc, copper,
chromium, selenium, and manganese are essential for normal growth and
development in humans.

Recent estimates indicate that most tissues of a living organism contain
as many as 50—80 inorganic chemical elements. Although the bulk of living
matter consists mainly of the five elements, hydrogen, nitrogen, carbon,
oxygen and sulphur, most mammals cannot survive without the inorganic
chemical elements called the trace elements. They were conveniently called
that because they could not until recent years be quantified accurately.

Hydrogen and oxygen (water) alone constitute 60%—65% of an adult
human body. Inorganic chemical elements were earlier classified as “bulk”
and “trace” substances of living matter depending upon their concentrations.
Between the bulk and trace elements, a third group of elements such as
sodium, potassium, calcium, magnesium, chlorine and phosphorous is some-
times termed the macrominerals.

Definition
In medicine there is no exact definition of a trace element but chemically an
element is usually considered as a trace element when occurring at a level

of < 0.01% (i.e., <100ug/g). Iron and iodine, though appearing in these
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concentrations, are usually considered as distinct from the trace element
group because their biomedical significance was established long before
other elements were shown to have a biological function.

Classification

Trace elements are often classified into essential and nonessential. If deple-
tion results in a deficiency syndrome and repletion reverses the abnormali-
ties a trace element is considered as essential. The following trace elements
are generally considered as essential: copper, zinc, cobalt, manganese,
molybdenum, fluorine, silicon, vanadium, chromium, nickel, selenium,
arsenic and tin. Nonessential trace elements include the other trace elements
present in living matter but for which no proof of essentiality is known
today. All trace elements are potentially toxic if the limits of safe exposure
are exceeded and this is true even for essential trace elements.

Metabolism

It is relevant to consider the factors regulating the metabolism of the trace
elements, and the most important factors are bioavailability, solubility and
permeability. The bioavailability depends on the chemical form of the
element and, generally speaking, salts of the elements which are easily
soluble in water and in the acidic environment of the stomach are more
available for absorption than the insoluble ones. Once the inorganic ele-
ments are made available for absorption, they usually form complexes with
endogenous chelating agents and are transported across the gut membrane.
The mucosa of the small intestine largely regulates the absorption of trace
elements and once absorbed they are transported by the blood and taken up
by different organs and tissues. In the blood or serum the trace elements are
bound by specific proteins, albumins and globulins and a fraction is carried
in the form of amino acids or small peptide complexes. The amounts of the
elements in the tissue are regulated by the control of absorption in the
alimentary canal. The routes of excretion are mainly urine and bile.

Effects

The association of trace elements with enzymatic catalysis and their role
in oxidation-reduction and transport processes, membrane permeability,
muscle contraction and the function of subcellular organelles such as
mitochondria are very important. Trace elements also have a role in the
synthesis and structural stabilization of both proteins and nucleic acids.
Metalloenzymes contain a metal as an integrated part of their molecule in a
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fixed amount per molecule of protein. The specific and unique chemical
nature of the metal-protein interactions apparently confers both stability
and reactivity on the molecule. Zinc is probably the most widely dis-
tributed metal among metalloenzymes, which participate in a wide variety
of metabolic processes including carbohydrate, lipid, protein, and nucleic
acid synthesis or degradation. Zinc is present in several dehydrogenases,
aldolases, peptidases and phosphatases. Other metalloenzymes containing
copper, manganese, selenium and molybdenum have been isolated. Metal-
enzyme complexes compose a group of enzymes more loosely associated
with metals in which the criterion of association is the activation of catalysis.
During the chemical reaction the metal acts as a temporary link between the
enzyme and the substrate, and besides stabilizing the enzyme-substrate
complex, the metal can also stabilize the reaction products, thus facilitating
the reaction. Activation of metal-enzyme complexes has been found in trace
elements like copper, zinc, manganese, nickel and many others.

Trace elements may cause toxicity in excess and these effects on bio-
logical systems appear to occur at similar loci as do essential functions.
Metals may hereby cause enzyme inhibition, alter membrane permeability,
and impair protein synthesis or distort nucleic acid structure (Vallee and
Ullmer 1972).

Zinc

Zinc is a mineral essential for normal growth of plants, animals and humans
(Underwood 1977). Zinc is one of the oldest forms of therapy noted in
Ebers’ papyrus, 1550 Bc. It was topically used by the ancient Egyptians in
the form of calamine for promotion of wound healing (Failla 1977). Since
then zinc compounds have been used in a large variety of powders, lotions
and ointments for the topical treatment of skin and eye lesions. Zinc oxide,
the most frequently used compound containing zinc, is used as a vehicle with
mild astringent and local drying properties. It is a cocomponent of many
formulations which are applied repeatedly to extensive areas of diseased
skin in chronic disorders such as psoriasis and eczema. In the last decades
the effect of zinc in treatment of various skin disorders has been subject to
extensive research. For wound treatment both zinc sulphate and zinc oxide
are most commonly used. Zinc sulphate is highly soluble in water (965 g/l),
whereas zinc oxide is almost insoluble (0.0016g/1). Zinc oxide is the most
appropriate zinc compound for topical use as opposed to zinc sulphate which
is usually given per os.

The importance of zinc as an essential trace element for humans was not
fully realized until Prasad et al. (1961, 1963) described a group of Iranian
dwarfs whom they suspected to be zinc deficient. The knowledge of the
features of zinc deficiency in animals such as growth retardation, testicular
atrophy, skin changes, and poor appetite led Prasad’s group to suspect that
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the dwarfism and hypogonadism present in the Iranian subjects were due to
the zinc deficiency. Later studies in Egyptian men who exhibited similar
symptoms helped to confirm this hypothesis and emphasized the essential
role of zinc in normal human growth and development.

The total zinc amount in adults ranges between 0.8 and 2.3 g with an
average of 2.0g. An average diet provides 8—15mg of zinc daily. Most
ingested zinc is excreted in the feces (Vallee 1959; Cousins 1979; Hsu 1980).
The amount excreted increases with the amount ingested. The uptake of
zinc from the gut is dependent on the nutritional state of the organism, i.e.,
when a deficiency exists the absorption is increased and excretion reduced.
On the contrary, in case of an excessive intake of zinc, the absorption is
decreased and excretion increased. Urinary excretion averages less than
0.6 mg/day. Significant zincuria may occur after surgery, burns, and multiple
injuries. The extent and the duration of the increase seems to relate to the
severity and nature of the injury. In serum, zinc is almost entirely found in
bound form: approximately 50% —-60% binds with albumin, 30% -40% to an
a2-macroglobulin and a small fraction to various amino acids (Henkin
1974; Hsu 1980).

In the assessment of zinc status the most commonly used method is
measurement of serum or plasma zinc levels. It is assumed that with zinc
depletion the circulating content will decline progressively. This is generally
true but it is not always correct to imply the reversed situation; that is that a
low concentration signifies zinc deficiency. There are certain states (infection
or inflammatory stress) in which serum zinc is lowered not necessarily due to
lower body stores but because of the redistribution of zinc from the serum to
the liver. Circulating levels of zinc can also be depressed by the use of
corticosteroid or oral contraceptive agents. In situations in which deficiency
does exist serum concentrations will fall below the normal range of 70—
110 pg/100 ml.

A significant association with venous leg ulceration and lowered plasma
zinc concentration has been noted (Agren et al. 1986). Low plasma zinc also
occurs in chronic decubitus ulceration (Abbott et al. 1968), ulceration due to
vascular insufficiency (Halstead and Smith 1970) and due to ulcers as a
result of sickle cell anemia (Serjeant et al. 1970). Serum zinc has also been
shown to be diminished in patients with leprosy with or without trophic
ulceration (Oon et al. 1974).

Zinc and Wound Healing

Zinc is recognized as an essential factor in wound healing. This was sug-
gested by Strain et al. (1953) after observing that wounded and burned rats
that were maintained on diets accidentally enriched with zinc healed more
rapidly than animals on control diets. Since then the need for zinc in wound
healing has been confirmed in many studies.
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Oral Zinc Treatment of Ulcers

A number of studies concerning the healing capacity of orally administered
zinc on different kinds of wounds have been performed. As there is no
standard treatment today, the choice of control treatment for clinical evalua-
tion is arbitrary.

In 1967, Pories et al. reported that oral administration of zinc sulphate
to otherwise healthy males undergoing excision of pilonidal sinuses was
attended by a twofold increase in the rate of epithelialization. The 20 men
were randomly assigned to control and treatment groups. Ten of them were
given zinc sulphate (220mg three times daily) and ten were controls. No
placebo was given. Healing was calculated both by time and wound volume.
The primary differences between zinc treated and control persons occurred
during epithelialization. No great differences in healing rate were seen in the
first 1520 postoperative days. The patients given zinc supplement appeared
to have wounds containing pinker, cleaner, healthier looking granulation
tissue. Healing rates were lower in the untreated than in the treated subjects
and the mean time taken for complete healing in the control group was
almost twice that of the treatment group. In this trial, however, the mean
initial size of the wounds in the treatment group was bigger than in
the untreated. Bigger wounds heal relatively faster in terms of the area
reepithelialized in a given time. Days for complete healing was biased in
favor of the control group since their lesions were smaller. The fact that
days for complete healing were significantly less for the treatment group in
spite of the bias supports the conclusion of the study that zinc therapy was
effective.

Hallbo6k and Lanner (1972) in a double-blind study using patients
suffering from venous stasis leg ulcers observed significant differences in
healing time between oral zinc sulphate (200 mg three times per day) treated
and placebo treated patients in a group (14 patients) with individual serum
zinc levels lower than 110 4g/100ml, but not in a group (13 patients) with
serum zinc levels of 1104g/100ml or higher. They concluded that zinc
sulphate increased the rate of healing for patients with low serum zinc.

In a study by Haeger and Lanner (1974) zinc sulphate in the form of
effervescent tablets containing 200 mg zinc sulphate was given three times
daily to patients with ischemic leg ulcers. The treatment group consisted of
14 patients and the serum zinc level was low in seven of them and normal in
the other seven. These patients were compared with 16 nontreated controls.
A significant difference in ulcer healing was noted between the patients with
low serum zinc levels receiving zinc sulphate and the patients of the control
group (p < 0.01). The average healing quotient (healing area in mm?/day)
increased by more than 100% with zinc.

There are several other controlled studies reporting on the effect on leg
ulcer (Greaves and Boyd 1967; Greaves and Skillen 1970; Husain 1969;
Serjeant et al. 1970) and burn wound (Henzel et al. 1970) healing of zinc
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sulphate given per os in combination with meals. These and studies on
treatment with oral zinc in other, different conditions (Flynn et al. 1973;
Ruggles and Linqvist 1976; Sedlacek et al. 1976; Frommer 1975; Wallace et
al. 1978; Gang 1980; Hallbook and Lanner 1972; Stromberg and Agren
1984; Suomalainen 1983; Soderberg et al. 1983; Gang and Lengh 1982)
favor the conclusion that oral zinc sulphate is a valuable adjunct in the
treatment of ulcers for patients with subnormal serum zinc levels. Carruthers
(1973) and Henkin (1974) have independently reviewed the clinical evidence
and concluded that administration of zinc sulphate to patients who are zinc
deficient is one of the factors which accelerates the healing of cutaneous
wounds.

Topical Zinc Treatment of Ulcers

Zinc oxide is the most appropriate zinc compound for topical use but zinc
sulphate is topically used in lotions to promote granulation of indolent ulcers
and in aqueous solutions to relieve chronic inflammation in conjuntivitis. In
a recent study by Agren et al. (1991), pigs with normal zinc status were
locally treated with a gauze containing zinc oxide and the healing was
promoted by more than 30% compared with control treated wounds. Zinc
sulphate at three different concentrations had, however, no beneficial effect
on the healing of the porcine wounds. These findings indicate that not only
the administration route but also the type of zinc compound is important in
achieving the positive effect. It has also been shown (Agren 1990) that the
delivery from zinc oxide results in fairly constant zinc concentrations over
time in wound fluid and wound tissue after a single application on open
wounds, whereas with zinc sulphate, the zinc concentration in wound fluid
declines after one day. Topically administered zinc is absorbed into the
blood stream through intact skin and from open wounds (Hallmans 1977a,b,
1978; Hallmans and Lidén 1979; Soderberg and Hallmans 1982; Wetter et
al. 1986; Agren 1990; Agren et al. 1991). The amount of zinc absorbed
depends, among other factors, on the size of the treated area and the
concentration gradient.

In a randomized, double-blind, placebo controlled study Stromberg and
Agren (1984) investigated the effect of local treatment with gauze containing
zinc oxide on arterial and venous leg ulcers in 37 patients. The patients were
matched on the basis of ulcer type and time of admission. In each pair one
patient was treated with a sterile dry cotton gauze and the other with a
similar gauze containing zinc oxide. A total of 18 patients received local zinc
therapy and 19 were given placebo. During a period of 8 weeks the ulcers
were photographed and ulcer area determined using a planimeter once
weekly. The treatment effects were evaluated by two independent doctors.
The result was recorded to be successful (as determined before trial start) if:
(1) there were visible granulations in the ulcer or (2) when visible granula-
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tions were present before treatment, the initial ulcer area should be reduced
by 25% for arterial and by 50% for venous leg ulcers and (3) the ulcer
debrided in 8 weeks. The result was regarded as unsuccessful if: (1) the
initial ulcer area increased by 50% or more during the treatment period, (2)
antibiotics were needed or (3) the ulcers did not comply with a successful
criteria. Treatment was noted as successful in 15 of the 18 zinc treated
patients and in eight of the 19 placebo treated patients. This result was
statistically significant ( p < 0.05). In the placebo group the average ulcer
area was 4.2cm? and after treatment 2.7 cm?. Corresponding values for the
zinc group were 3.6cm? and 0.4 cm?, respectively. In the placebo group six
ulcers were infected during treatment whereas infection only occurred in
one patient in the zinc oxide treated group.

In a randomized single-blind investigation (Agren and Stromberg 1985)
Varidase was compared with gauze containing zinc oxide. A total of 28
patients was included in the study. Of these, 14 were treated with Varidase
and 14 with zinc oxide gauze (0.4mg zinc oxide/cm?). The result was con-
sidered successful if the ulcers were cleansed after 8 weeks of treatment.
Evaluation was based on photographs of the ulcers and carried out by an
independent surgeon. Necrotic tissue disappeared in the zinc oxide treated
ulcers of seven patients and in six Varidase treated patients. It was con-
cluded that the two treatments are about equally effective in the removal of
necrotic tissue. Desloughing time was 23 days (range: 7-56) for the zinc
oxide group and 21 days (range: 7-42) for the Varidase group.

Zinc Tape Treatment of Wounds

The wound healing effect of adhesive tape treatment is an old observation
and the use of adhesive tape in the treatment of leg ulcers is well known all
over the world. It is said to have been used already around 1550 by Mariano
Santo. Baynton’s tape therapy introduced in 1779 is better known. The
adhesive tape was applied as a compressive bandage. Subsequently taping
has been employed with various modifications.

Natural rubber (latex) together with ordinary rosin and fillers like zinc
oxide are the main components of the adhesive mass in adhesive zinc
oxide tapes. Zinc oxide is incorporated primarily as a reinforcing agent,
simultaneously enhancing the cohesive strength and extending the longevity
during storage (Grove 1971).

Gilje (1949) described his method of treating venous leg ulcers with the
use of adhesive tapes. He concluded that the favorable effects of the adhe-
sive tape treatment on healing of leg ulcers may be due to a combination of
many factors:

1. The significance of compression for preventing edema
2. A stimulating effect of mechanical pressure on the healing process
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3. The protective effect against other outer injuries and irritation
4. The “moist chamber” effect

5. The chemical irritation from the plaster substance

6. The bacteriostatic effect

His observations can still be considered as the basis for the current
research on the actions of adhesive tape treatment of various ulcers.

Healing of full-thickness excisions is the sum of wound contraction and
reepithelialization (McGrath and Simon 1983). Soderberg and Hallmans
(1982) have clearly shown that if a zinc tape is applied also on the adjacent
undamaged skin, wound contraction is inhibited and retarded wound closure
is obtained. Hallmans and Lasek (1985) could demonstrate a quicker wound
closure in both zinc-deficient and zinc-sufficient rats treated with an adhesive
tape containing zinc oxide. The time taken for complete healing of full-
thickness open wounds in rats after local zinc treatment has been studied in
different investigations. In the study by Hallmans et al. (1979), the wound
healing time was 33% faster with adhesive zinc tape treatment which retains
the moisture in wounds (water vapour permeability 100 g/m?/24 h) compared
with open treatment with dry gauze in normal rats. These results can be
explained rather by the moisture retaining effect of the tape than the
therapeutic effect of zinc at least in animals with normal zinc levels.
However, the authors found a shorter healing time with zinc tape than with
an allograft (frozen pig skin) which also prevents dehydration of the wound.

Soderberg et al. (1982) performed an open comparative study on plantar
ulcers in leprosy patients in India. The effects of zinc oxide adhesive tape
and an Eusol soaked dressing (1.25% boric acid; 1.25% chlorinated lime)
were compared. The investigation was carried out at two hospitals in India
and included 90 patients with a total of 128 ulcers. All the wounds were
located on the plantar side of the feet or on the toes. In all cases the
numerical values of the wound healing time were lower (approximately
30%) in the zinc tape treated groups than in the Eusol treated group.
However, the differences were statistically significant (p < 0.01) only
concerning the small wounds in one hospital.

In a study by Hallmans (1977a) eight patients with second and third
degree burns were treated with zinc tape on 5%-20% of the total body
area. Subnormal serum zinc levels were found before treatment was ini-
tiated. Normal serum zinc values were reached during the first treatment
week, and in six patients supernormal values of >124 4g/100 ml (>19 gmol/l)
were found during the treatment period.

Gang (1980) reported on a comparative study of zinc tape treatment in
burns. A total of 40 patients, 26 with superficial burns and 14 with full-
thickness burns, were studied. Half of the patients were treated with zinc
tape and the other half with the exposure method (the burned area was
cleaned with Savlon and saline, and Flamazine was applied every day).
Serum zinc was determined in ten patients before and after 1 and 5 days of
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tape treatment. The mean duration for complete healing of the superficial
burns was significantly shorter with the zinc tape than with the exposure
method; 9 days compared to 12 days. The complete separation of necrotic
eschar in full-thickness burns took place within an average of 10 days with
zinc tape, whereas with the exposure method surgical desloughing was
needed after 13.17 days. Hence, skin grafting was done much earlier in the
zinc tape treated patients. Serum zinc values were subnormal in most cases
before start of treatment. A rise in serum zinc was observed in all patients
after 24h of zinc tape treatment. The author concluded that adhesive zinc
tape treatment promotes healing not only in superficial burns. In full-
thickness burns it results in a gradual dissolution and separation of necrotic
tissue enabling an earlier skin transplantation.

Brandrup et al. (1990), in a prospective, randomized trial of a hydrocol-
loid and zinc tape over a period of 8 weeks, determined their healing ability
and effect on pain for venous and arterial leg ulcers. The initial ulcer areas
decreased with zinc tape by 64% and by 48% after treatment with the
hydrocolloid. A similar analgesic effect was seen.

An open, randomized, controlled study (Apelqvist et al. 1990) was
carried out on 44 diabetic patients with necrotic ulcers treated with adhesive
zinc oxide tape (Mezinc) or with a hydrocolloid (DuoDERM). Of the 21
patients treated with Mezinc, 74% had their necrotic ulcers improved by at
least 50% compared to six out of 21 with the hydrocolloid dressing (p <
0.025). Fifteen patients showed an increase in the area of necrosis during the
course of the 5 week study, and of these ten had been treated with the
hydrocolloid dressing.

Zinc and Collagen Metabolism

Collagen and protein production was decreased in polyvinyl sponges im-
planted subcutaneously in zinc-deficient rats (Fernandez-Madrid et al. 1973).
These results indicate that in zinc deficiency there is a general depression of
protein synthesis rate rather than a specific effect on collagen synthesis; this
is presumably due to a depressed activity of RNA polymerases. However,
enzymes involved in different steps of the formation of collagen molecules
are also influenced by zinc. Prolyl hydroxylases, an iron-dependent enzyme,
is inhibited by zinc supplementation. The activity of lysyl oxidase, a copper-
dependent enzyme, is reduced both in zinc deficiency and excess of zinc
(Chvapil and Misiorowski 1980). Lysyl oxidase is required for an adequate
cross-linking of collagen. The decreased breaking strength of 3 week old
incised wounds in zinc-deficient rats could be due to a reduced lysyl oxidase
activity (Agren et al. 1991).

Hydroxyproline measurements (a measure of collagen) in wounds
treated with zinc either locally (Hallmans et al. 1979; Wetter et al. 1986) or
systematically (Elias and Chvapil 1973; Tengrup et al. 1981) suggest that the
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accumulation of collagen in granulation tissue is not reduced after zinc
treatment. On the contrary, three studies showed increased collagen con-
centrations in zinc treated wounds (Elias and Chvapil 1973; Hallmans et al.
1979; Tengrup et al. 1980). This could be attributed to a reduced collage-
nolytic activity as a result of a depressed leakage of hydrolytic enzymes
from inflammatory cells because of the membrane stabilizing effects of zinc
(Tengrup et al. 1980).

Zinc and Inflammation

Zinc is one of the substances which regulate the activity of various inflam-
matory cells (Séderberg 1990). Feeding rats with a high zinc content diet has
been shown to decrease the phagocytic activity and the rate of migration of
macrophages (Chvapil 1976). Macrophages taken from zinc-deficient animals
migrated more than those from controls. By using light microscopy and
scanning electron microscopy it was shown that the cell surface of the
macrophages from guinea pigs given a diet with a high zinc concentration
(2000 mg/kg) was smooth and round while there were extensive protrusions
in cells from control animals (40 mg/kg zinc diet). It has also been shown in
vitro that the oxygen consumption and phagocytosis by polymorphonuclear
leukocytes (PMNs) are inhibited by higher concentrations of zinc ions
(83 umol/l) (Chvapil 1976). Zinc supplementation (i.p) also inhibits the
penetration of granulocytes in a dose-dependent manner into a pleural
inflammatory exudate in rats (Yatsuyanagi et al. 1987). The conclusion of
these studies has been that zinc immobilizes inflammatory cells by stabiliza-
tion of lysosomal and cell membranes.

The anti-inflammatory effect of zinc has further been studied in vivo,
using the carrageenan-induced edema in rats, and artificial abscesses in
rabbits measuring the inflammatory area (Singla et al. 1986; Guillard et al.
1987). The inflammation was reduced in both models after zinc administra-
tion, i.e., a decreased edematous reaction and a decreased infiltration of
leukocytes in the inflamed area were demonstrated.

Treatment of excisional wounds with adhesive tape resulted in fewer
PMNs in the granulation tissue, measured indirectly by the alkaline phos-
phatase activity (Wetter et al. 1986).

Recent studies have shown that zinc treatment blocks tumor necrosis
factor (TNF)-mediated cytolysis of the target cells (Flieger et al. 1989).
ZnSO, (0.1 and 1.0mM), and ZnCl, (but not CaCl,, MgSO, or CuSOy) in
the same concentration range, prevent cell death indicating that it is the zinc
ions that are mediating the effects. Even if the zinc ions are added 2 h after
TNF treatment the cell lysis is effectively inhibited, and this indicates that it
acts at a late stage after binding of TNF to its receptor.

Burn injuries cause an imbalance in immunological functions and
thereby increase the leukocyte membrane permeability. The cells lose their
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lysosomal enzymes which appear in serum in high concentration; extracell-
ularly they play an important role in cell destruction in burns. Zinc oxide
inhibits the oxidation of membrane lipids in vitro preventing the increase of
acid phosphatase, a marker of lysosomal enzymes, leaking from leukocytes
taken from burn patients. If those lytic effects of lysosomal enzymes in burn
patients might be prevented in vivo this can possibly improve the burn
prognosis (Haberal et al. 1987).

Recently it has been shown that cytotoxic effects of resin acids to
polymorphonuclear cells in vitro are inhibited by zinc (Soderberg 1990) and
the protective action of divalent cations probably occurs via the closing of
pores in the membranes (Bashford et al. 1986, 1988).

Zinc and Infection

It has been demonstrated that zinc inhibits bacterial proliferation in vitro
(Turkheim 1953; Paetzold and Wiese 1975; Hallmans and Elmros 1980;
Moorer and Genet 1982; Soderberg et al. 1990, 1991; Séderberg 1990) and
in vivo (Sunzel et al. 1990). Gram-positive bacteria appear to be more
sensitive to the zinc ion than gram-negative bacteria.

It is a well established fact that zinc is an essential trace element which is
required for replication and growth and plays a key role in many funda-
mental molecular processes involved in host defense. Immune response of
the host may be changed if there are alterations in zinc status. The cellular
biochemistry is dependent on the zinc concentration as zinc is a constituent
of more than 100 metalloenzymes. The metalloenzymes become active when
zinc is incorporated (Failla 1977). The cells aquire zinc from a variety of
zinc salts or from zinc bound to different proteins. Zinc readily binds to
membranes and in this manner the cell membranes are stabilized. Zinc at
physiologic levels decreases functioning of phagocytes within minutes and
zinc deficiency decreases T cell functions but has little or no effect on B cell
functions. Zinc protects against endotoxins and bacterial infections perhaps
by stabilizing lysosomal membranes that may be involved with the develop-
ment of shock. Both different acute noninfectious illnesses and infections
are associated with a decrease in serum levels of zinc of 10%—-60% after
some hours and this may last for days depending on the course of the
sickness. Chronic zinc deficiency is often associated with a pronounced
susceptibility to infections but it is not clear if this is a primary or secondary
phenomena.

Microbial cellular functions such as cell division and protein production
require zinc. Zinc is a component of the outer layers of many micro-
organisms and it probably stabilizes the ribosomes and membranes by a
mechanism similar to that by which it stabilizes mammalian membranes and
thus may protect the organisms from penetration by toxic compounds. If the
zinc concentrations are higher than the normal physiologic range there
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is a subsequent inhibition of enzyme function in bacteria. Production of
bacterial toxins requires the presence of near physiologic concentrations of
zinc in several species and adherence of bacteria to mammalian cell surfaces
is considered part of the pathogenesis of different infections. There are a lot
of data suggesting that zinc is not a virulence factor and that it will kill or
inhibit bacteria, inhibit viral replication, and at millimolar or higher con-
centrations it can clump bacteria under certain incubation conditions, thus
offering phagocytic cells an easier target (Sugarman 1983).

Different types of infectious diseases induce acute phase response:
fever, leukocytosis, depressed plasma zinc concentrations, increased hepatic
zinc concentrations and altered synthesis of acute-phase plasma proteins.
The alterations are supposed to be mediated by the protein hormone
endogenous pyrogen-leukocyte endogenous mediator, which has been
equated with a factor released from macrophages called interleukin-1. The
redistribution of zinc that occurs during infections may influence different
aspects of cellular metabolism, membrane stabilization and other cellular
functions. In previous studies the effects of treating rats with zinc during
endotoxemia and infection have been studied. A fivefold increase in plasma
zinc levels to what is a supraphysiological concentration (10 x#g/ml) prevented
death in rats injected with Salmonella typhimurium endotoxin (Sobocinski et
al. 1977). Treatment in excess of this seems to be toxic and provides
diminished protection. The same tendency has been shown when infected
mice have been protected against lethality induced by Salmonella typhi
endotoxin (Snyder and Walker 1976).

There seem to be different opinions about the protective role of
supranormal plasma zinc levels in animals infected with bacteria. Tocco-
Bradley and Kluger (1984) have shown that preventing the fall in plasma
zinc during infection enhanced rather than hindered the survival rate,
although raising plasma zinc concentration beyond the normal physiological
level was not beneficial to the host. If hepatic zinc concentration was
elevated beyond that of infected controls without altering the infection-
induced fall in plasma zinc concentration no enhancement of survival rate in
Salmonella-infected rats was noted. Loading tissues such as liver and small
intestine with more zinc than that obtained with an infusion of 30 ug zinc/
hour enhanced survival if plasma zinc was maintained at noninfection levels,
but did not enhance survival if plasma zinc was raised to supranormal levels.
Their conclusions were that an elevated plasma zinc concentration at the
onset of the infection is protective, but this protection is completely negated
if plasma zinc levels are maintained at supranormal concentrations over the
course of the infection. One has to remember that these experiments were
performed using only one gram-negative endotoxin-producing bacterium
and the results may be different if other bacterial strains or combinations of
bacteria are tested.

Chvapil (1976) reported that increasing plasma zinc levels to 20 yg/ml in
rats and guinea pigs was associated with a decrease in polymorphonuclear



Trace Elements in Normal and Impaired Wound Healing 195

leukocyte and macrophage mobilization and phagocytosis. It has been hypo-
thesized that these effects occur because zinc stabilizes membranes. As
many diverse cytotoxic agents damage cells by rendering them leaky to the
passage of ions and low molecular weight metabolites this can be prevented
by raising extracellular zinc concentrations. The protection is through a
direct action at the extracellular side of the plasma membrane and zinc
probably affects some endogenous component of the plasma membrane.
The phospholipids of the outer leaflet appear to be the most likely site
(Bashford et al. 1988).

Other Metals

The role in wound healing of the minerals called macrominerals such
as sodium, calcium, potassium, chloride, magnesium, and phosphorus is
beyond the scope of this review. They are all essential for a wide variety of
tissue functions many which are necessary for a normal wound healing
process. Magnesium is required in almost all stages of wound healing, but
particularly in collagen formation as this metal activates a large number
of enzymes involved in energy-producing cycles and protein synthesis.
Deficiency is not common but it has been reported.

Although iron is considered as distinct from the trace element group its
importance in wound healing is mainly due to the fact that it is required for
the hydroxylation of lysine and proline and therefore it is necessary for
effective collagen synthesis. Iron deficiency is one of the most likely forms of
single micronutrient deficiency to occur in the abscence of any other accom-
panying form of malnutrition. It is very important for the immune
system and in excess there is a risk of infection. Deficiency gives a functional
abnormality of iron deficient phagocytic cells and the primary defect is in
bacterial killing. Although iron deficiency has no effect on the rate of
epithelialization of wounds there are some conflicting papers on the effect
of iron deficiency on the tensile strength. A possible solution to the con-
troversy has been offered by Hunt and Zederfeldt (1969) who stressed that
hypovolemia, vasoconstriction, trauma, and elevated blood viscosity rather
than anemia impair oxygen transport.

Copper is essential for normal erythropoiesis. It is a constituent of many
vital enzymes and is vital for connective tissue metabolism. The amount of
copper in the body is 20-50 times lower than that of iron and zinc. The
plasma concentrations of copper increase during healing of extensive
wounds. The effects of copper are antagonized by many other components
especially zinc and cadmium.

Copper is part of lysyl oxidase, a copper-containing enzyme that cat-
alyzes the conversion of lysyl and hydroxylysyl residues in collagen to the
corresponding aldehydes, the first step for formation of stable covalent
collagen cross-links. These covalent cross-linkages strengthen scars (Page
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and Benditt 1967; Prockop and Guzman 1977). No clinical cases of impaired
wound healing due to copper deficiency alone have been reported.

Manganese is essential for growth, reproduction, skeletal development,
and brain functions (Underwood 1977). It is required for the activation of
many different enzymes such as phosphatases, kinases, decarboxylases,
and glucosyl transferases (Levenson et al. 1977). It is most concentrated
in tissues which have a large number of mitochondria in their cells and
manganese appears to concentrate in mitochondria. Some of its specific
roles in wound healing include activation of the enzymes responsible for
glycosylation of procollagen molecules and those required in the synthesis of
proteoglycans.

In addition, chromium, selenium, and molybdenum are necessary for
growth and development, but their relation to wound healing is not clear.
As they have an influence on some cells and tissues in the body, a deficiency
might interfere with wound healing.
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Plasmin-Mediated Pericellular Proteolysis
by Keratinocytes:
Extracellular Matrix Reorganization vs Tissue Damage

M.D. Kramer, R. Batrla, G.M. Héansch, and J. Reinartz

Introduction

Plasminogen activators are specific proteolytic enzymes which convert the
inactive proenzyme plasminogen to plasmin (Dand et al. 1985; Mayer 1990).
Plasmin is a potent and nonspecific protease which cleaves fibrin clots
(Collen 1980) and other extracellular proteins (Dano et al. 1985), including
the glycoproteins of extracellular matrices (Cohen and Shuman 1990). The
‘“plasminogen activator system” is complex; it consists of proenzymes of the
plasminogen activators (PAs) (tissue-type PA (tPA), urokinase-type PA
(uPA)), the PA substrate plasminogen, the active enzymes (uPA, tPA, and
plasmin), several natural inhibitors of plasminogen activators and plasmin,
and the cellular receptors that bind the proenzymes, enzymes and enzyme/
inhibitor complexes (Figs. 1, 3). The coordinated interactions of these
components control location, timing, and extent of plasmin activity.

The epidermal basement membrane, a highly organized structure of the
extracellular matrix, exerts adhesive forces for the basal keratinocytes of the
overlying epidermis; its integrity is pertinent to dermo-epidermal cohesion
(Katz 1984, 1985). Morphological studies revealed that during wound healing
the basement membrane zone adjacent to the wound bed “‘loses definition”
prior to epithelial migration (Stenn and Depalma 1988). Proteolytic dis-
solution of basement membrane constituents is thought to contribute to
this morphological alteration. The notion that plasminogen activation by
keratinocyte-associated PAs participates in this process has been derived
mainly from two lines of evidence. Firstly, in vitro studies have indicated
that both expression of PAs (Morioka et al. 1987) and the cell surface
receptor for uPA (McNeill and Jensen 1990; Del Rosso et al. 1990) are
associated with migrating rather than with sessile keratinocytes. Secondly,
detailed immunohistological studies on murine and human skin wounds
revealed that uPA was present in keratinocytes of the epithelial outgrowth
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Fig. 1. The plasminogen activator (PA) system. Two types of plasminogen activators are
known: tissue-type plasminogen activator (tPA) and urokinase-type plasminogen activator
(uPA). They convert the precursor enzyme plasminogen to plasmin by limited proteolysis. The
plasminogen activators are regulated by specific inhibitors, plasminogen activator inhibitor
type-1 (PAI-1) and PAI-2. Active plasmin is regulated primarily by its specific inhibitor a,-
antiplasmin and by a,-macroglobulin. Plasmin has a trypsin-like specificity and may degrade a
variety of protein substrates, including the classical substrate fibrin and glycoproteins of the
extracellular matrix

(Grohndahl-Hansen et al. 1988), which covers the primary wound sub-
stratum, consisting of fibrin and other plasma-derived compounds. In normal
epidermis no uPA-specific immunoreactivity was found.

Expression of PAs by keratinocytes has been observed in various skin
diseases (Jensen et al. 1990a; Baird et al. 1990), including nonblistering
disorders such as psoriasis vulgaris (Grohndahl-Hansen et al. 1987; Lotti et
al. 1988) but also blistering skin diseases such as bullous pemphigoid (Jensen
et al. 1988; Baird et al. 1990). The latter is characterized by subepidermal
cleft formation at the level of the epidermal basement membrane zone.
Although both the etiology and the histopathology of the diseases display a
great variability, destruction of extracellular structures is a common feature
(Farmer 1985a,b; Dubertret et al. 1982). It has been suggested that expres-
sion of PAs is tissue-damage related rather than disease-specific (Kramer et
al. 1992a).

In the following we will present evidence for a cell surface-associated
pathway of plasminogen activation in human keratinocytes and for local
enrichment of plasmin(ogen) and conversion of plasminogen to plasmin
under pathological conditions in the skin.
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Fig. 2A-D. Mechanism of plasminogen activation by cultured keratinocytes (HaCaT cell line,
Boukamp et al. 1988). A HaCaT cell monolayers were incubated with plasminogen and the
plasmin substrate S-2251 under serum-free conditions. The time course (abscissa) of plasmin
generation was monitored by absorbance measurement (ordinate). The enzyme reaction was
allowed to proceed in the absence (control) or presence of anticatalytic anti-uPA (HD-UK 1) or
anti-tPA (HD-TPA 4.1) monoclonal antibody (Kramer et al. 1992b). B HaCaT cell monolayers
were incubated with serum-free HL-1 medium. After 2h of incubation the conditioned media
were harvested and tested for plasminogen activator activity by addition of plasminogen and
substrate S-2251. Absorbance at 405nm (ordinate) was measured after different intervals of
time (abscissa). C Analogous setup as in A, except that the enzyme reaction was performed in
the absence (control) or presence of varying concentrations of tranexamic acid (TA). D A total
of 20ng/ml of human high molecular weight uPA were mixed with serum-free HL-1 medium.
Plasminogen activator activity was determined by addition of plasminogen and the plasmin
substrate S-2251 in the absence (circles) or presence of tranexamic acid (10 rectangles and

20mM crosses)

Plasminogen Activation by Human Keratinocytes

Keratinocytes can produce uPA and tPA in vitro (Birkedahl-Hansen and
Taylor 1983; Hashimoto et al. 1983; Isseroff et al. 1983; Jensen et al. 1990a)
and in vivo (Morioka et al. 1985; Grohndahl-Hansen et al. 1987, 1988; Lotti
et al. 1988; Reinartz et al. 1993a). uPA is synthesized and secreted by
keratinocytes as a proenzyme (pro-uPA) with little or no intrinsic activity
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(Hashimoto et al. 1988; Buessecker et al., unpublished results). uPA of
cultured keratinocytes is localized to the surface by specific cell surface
receptors (McNeill and Jensen 1990; Del Rosso et al. 1990), possibly in an
autocrine manner (Stoppelli et al. 1986). tPA secretion by keratinocytes
(Jensen et al. 1990a,b) has so far not been studied in great detail.

Plasminogen is produced primarily in the liver and is present in plasma
and the interstitial fluid (Miyashita et al. 1988). There is no evidence for
synthesis of plasminogen by keratinocytes. However, by immunohisto-
chemistry plasmin(ogen) has been localized to the basal and suprabasal layer
of normal human epidermis (Isseroff and Rifkin 1983; Justus et al. 1987),
indicating that plasminogen of the interstitial fluid can bind to keratinocytes.
In fact, binding of exogenous plasminogen to the basal and suprabasal layers
of epidermal cryosections has recently been demonstrated (Burge et al.
1992). Binding was found to be mediated by the kringle SAH site and the
lysine binding sites of kringle 1-3 of the plasminogen molecule.

We have explored in vitro whether there exists a cell surface-associated
pathway of plasminogen activation, which could provide plasmin for peri-
cellular proteolysis in the vicinity of the PA-expressing keratinocyte. A basic
experiment in that respect is shown in Fig. 2. Human keratinocytes in
culture were incubated with plasminogen and a chromogenic plasmin sub-
strate under serum-free conditions. Plasminogen was efficiently activated
already within the first 2h of incubation (Fig. 2A). Plasminogen activation
was counteracted by anticatalytic anti-uPA, but not by anticatalytic anti-tPA
antibodies (Fig. 2A). To explore whether secreted or cell-associated PAs
were responsible for plasminogen activation, serum-free cell culture super-
natants were harvested after 2h of culture. The supernatants were then
tested for PA activity by adding plasminogen and a chromogenic substrate
for plasmin: no significant PA activity was seen in the supernatants after
incubation for 2h (Fig. 2B); even after prolonged reaction time (6h) only
weak (E405nm = <0.1) activity was observed (Fig. 2B). The finding argues
against a significant contribution of secreted PAs to plasminogen activation
within the first 2h of keratinocyte cell culture.

Plasminogen and also plasmin bind to proteinaceous surfaces, such as
the surface of a fibrin clot (Collen 1980) or to cell surfaces (Plow et al. 1991)
via “lysine binding sites.” The lysine analogue tranexamic acid interferes
with the lysine binding site-mediated interactions of plasmin(ogen). We
explored plasminogen activation by intact HaCaT cells in the presence
of tranexamic acid. The presence of tranexamic acid caused a dose-
dependent inhibition of plasminogen activation by HaCaT cell monolayers
(Fig. 2C). In control experiments, activation of plasminogen by soluble uPA
was not affected by the presence of tranexamic acid (Fig. 2D). The findings
indicated that plasminogen activation by intact HaCaT cells was uPA-
dependent, required binding of plasminogen to the cell surface, and was not
mediated by secreted PAs. In more refined studies we could demonstrate
that plasminogen binding to keratinocytes is saturable and proceeds in a
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Fig. 3A,B. The plasminogen activator system on the keratinocyte surface. Keratinocytes express
binding sites for plasminogen and surface receptors for uPA. A Plasminogen binding sites can
bind plasminogen and plasmin, but not the inactive plasmin/a,-antiplasmin complex. Receptors
for uPA can bind pro-uPA, active uPA or inactive uPA/PAI complexes. B Cell surface bound
uPA can activate cell surface bound plasminogen, and - vice versa — receptor-bound pro-uPA
may be activated by cell surface bound plasmin. Once bound to its binding site, plasmin is not
accessible for its specific inhibitor a,-antiplasmin. The series of interactions provides cellular
surfaces with the proteolytic potential of plasmin. Due to the low affinity interaction of plasmin
with its cell surface binding sites, cell bound plasmin may diffuse away from the surface, bind to
and cleave glycoproteins in the pericellular space

time- and concentration-dependent manner (Reinartz et al. 1993b). More-
over, in contrast to plasmin in solution, cell surface-bound plasmin was
protected against inhibition by its specific inhibitor a,-antiplasmin. Our
present view on the organization of the plasminogen activator system at the
surface of human keratinocytes is summarized in Fig. 3.

Possible Consequences of Pericellular Plasmin Generation

Epidermal cells under physiological conditions exhibit strong intercellular
cohesion and adhesion to the subepidermal basement membrane. During
wound healing cells adhere first to a primary extracellular substratum which
consists mainly of fibrin and other plasma constituents (Stenn and DePalma
1988; Donaldson and Mahan 1988). When isolated extracellular matrix
constituents became available their adhesive interactions with keratinocytes
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could be explored. Adhesion of keratinocytes to multiple extracellular matrix
proteins, including fibrin, fibronectin, laminin, vitronectin, and collagens,
was observed. Similar to other cells, the binding interactions were mediated
by cell membrane-inserted receptors of the integrin family (Albelda and
Buck 1990; Kaufmann et al. 1990).

We have tested whether plasmin can interfere with adhesion to the
isolated extracellular matrix constituents collagen type I or fibrin. Plasmin
interferes with keratinocyte adhesion to fibrin but not to collagen type I

(Fig. 4).

Evidence for Plasminogen Activation In Vivo

Bullous pemphigoid, an acquired disease of the elderly (Farmer 1985a), was
chosen in order to explore a possible role of the PA system in a blistering
skin disease. The disease is characterized by deposition of autoantibodies at
the epidermal basement membrane zone of lesional skin. The autoantibodies
are specific for a structural component of the hemidesmosomes, the ‘‘bullous
pemphigoid antigen.” The hemidesmosomes mediate adhesion of basal

60 keratinocyte adhesion [% of control]
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Fig. 4. Adhesion of keratinocytes (HaCaT) to fibrin (closed circles) or collagen type I (open
rectangles) in the presence of varying concentrations of plasmin (abscissa). Microtiter plates
were coated with fibrin (250 #g/ml) or collagen type I (10 ug/ml). A single cell suspension of
HaCaT cells was added to the plates (2 X 10° cells/well) together with varying concentrations of
plasmin (0.5 — 0.007 U/ml). After 60 min nonadherent cells were removed by washing with
phosphate-buffered saline. Bound cells were fixed and stained by using methylene blue. Cell
associated methylene blue was eluted and quantified by absorbance measurement at 595 nm.
The extinction values are dependent on the number of cells adherent to the plate. The whole
method is a modification of the original method described by Goldman and Bar-Shavit (1979).
Bars represent adhesion of keratinocytes to fibrin (A, closed bar) or collagen type I (B, open
bar) in the presence of 0.5 U/ml plasmin and the plasmin inhibitor aprotinin (100 U/ml). Under
the experimental conditions HaCaT cells did not adhere to noncoated microtiter plates. (From
Batrla et al., unpublished)
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Fig. 5A,B. Deposition of plasmin(ogen) at the site of cutaneous tissue damage in lesional skin
of bullous pemphigoid. Frozen sections of perilesional skin with A incipient blister formation
and B a fully developed subepidermal blister were stained with a murine monoclonal antibody
(clone HD-PG 2) to human plasmin{ogen). Bound antibody was visualized as dark color by the
alkaline phosphatase anti-alkaline phosphatase (APAAP) technique (compare with Gissler et
al. 1992; Kramer et al. 1992a). Arrows in B indicate staining of single keratinocytes. Scale bars:
A 15 ym, B 20 um
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keratinocytes to the supporting basement membrane (Mutasim et al. 1989;
Stanley et al. 1988).

By immunohistochemistry we observed a conspicuous deposition of
plasmin(ogen) in lesional skin, apparently associated with basal and supra-
basal keratinocytes (Fig. 5). Plasmin(ogen)-specific immunoreactivity was
seen already in early incipient blisters (Gissler et al. 1992). The prominent
deposition of plasmin(ogen) in lesional as compared to nonlesional skin was
taken to suggest a participation of plasmin(ogen) in the development of the
skin lesions. While the immunohistochemical data do not allow us to dis-
tinguish between plasminogen and plasmin (Justus et al. 1987), the presence
of PAs in the keratinocytes of lesional skin areas of bullous pemphigoid
(Jensen et al. 1988, 1990b; Baird et al. 1990) would strongly suggest the
occurrence of plasminogen activation.

For functional analyses fluid was taken from skin blisters of bullous
pemphigoid patients. By using a plasmin-specific chromogenic substrate
assay, plasmin activity was detected (Fig. 6). Control fluid aspirated from
subepidermal suction blisters (Volden et al. 1983) produced on clinically
normal skin did not contain measurable plasmin activity (Fig. 6).

Concluding Remarks

We demonstrate a cell surface-associated pathway of plasminogen activation
on cultured keratinocytes. The pathway provides plasmin activity for prote-
olysis of pericellular substrates. Plasmin cleaves the extracellular matrix

plasmin activity [405 nm]
0,3 1
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—&— BP-BF 2
0,2{ & BP-BF 3
—¥—

control-BF
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0 ¥ : = , —%
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Fig. 6. Evidence for plasmin generation in lesional skin of bullous pemphigoid. The fluid of
subcutaneous blisters generated spontaneously in two bullous pemphigoid patients or the fluid
of subepidermal suction blisters raised experimentally on clinically normal skin were tested for
plasmin activity using the plasmin-specific chromogenic peptide substrate S-2251. Activity was
found in the fluid of bullous pemphigoid blisters but not in the fluid of suction blisters. The
finding provides evidence for generation of plasmin at some stage during formation of bullous
pemphigoid skin lesions



Plasmin-Mediated Pericellular Proteolysis by Keratinocytes 209

protein fibrin, resulting in reduced keratinocyte adhesion to fibrin. More-
over, evidence is provided that plasminogen binding to keratinocytes and
activation of plasminogen may occur also under pathological conditions in
vivo. The expression of plasminogen binding sites on keratinocytes and their
colocalization with uPA provides keratinocytes with a basic mechanism for
harnessing plasmin activity. Whether there are mechanisms, e.g., induced
by inflammatory stimuli (Kramer et al. 1992a), which up-regulate cell bound
plasmin activity of keratinocytes either by increasing the rate of plasminogen
activation or by increasing plasmin(ogen) binding of keratinocytes has to be
addressed in future experiments.
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