Pathologic Scar Formation

Morphologic and Biochemical Correlates

T. R. Knapp, MD, J. R. Daniels, MD, and E. N. Kaplan, MD

Morphologic and biochemical analyses were performed to compare normal skin and
mature scars to hypertrophic scar and keloid. Correlation of morphologic findings with
biochemical profiles of the skin and scar samples proved feasible and enlightening.
Scanning electron microscopy (SEM) was used to characterize the architectural ar-
rangement of collagen fibers in skin and scars. Cultured fibroblasts from each specimen
were also examined with the SEM. A biochemical profile of each tissue specimen was
constructed, characterizing the collagen component of the specimen by sequential
molecular sieve and ion exchange chromatography to determine a) the degree of
intermolecular crosslinking, b) amino acid analysis, and c) levels of lysyl oxidase
activity. Results indicate that collagen fibers and fiber bundles display a decreasing
level of organization as the clinical degree of scar abnormality increases, and this
structural gradient correlates with the gradient of intermolecular crosslinking in the
same tissue—normal skin and mature scar being highly crosslinked, hypertrophic and
keloid successively less so. Surprisingly, the level of the crosslinking enzyme lysyl
oxidase is normal or elevated in hypertrophic scar and keloid despite the relative lack of
crosslinking. Amino acid content was uniform for all specimens. Scanning electron
microscopy examination of cultured fibroblasts from the tissue specimens demonstrated
three phenotypically distinctive fibroblasts whose numerical and volumetric propor-
tions correlated with the tissue of origin. (Am J Pathol 86:47-70, 1977)

CURRENTLY RECOGNIZED CLINICAL AND LABORATORY METHODS
only partially succeed in characterizing hypertrophic scar and keloid and
do not fully explain their behavior. Previous investigations have explored
in isolated fashion the morphology of fibroblasts cultured from keloid and
hypertrophic scar; the microarchitecture of scar; various biochemical
parameters of cultured scar tissue; or selected chemical components of the
scars themselves.! Based on these studies, it is felt that persistent scar
hypertrophy and keloid formation represent apparent defects in the meta-
bolic control of scar formation which lead to a pathologic accumulation of
fibrous connective tissue—and most particularly the collagen component.

We felt that it would be profitable to explore systematically and in
analytical fashion both morphologic and biochemical parameters in ab-
normal and normal scar specimens. This study was designed to examine
morphologic, cellular, and biochemical aspects of scar formation, com-
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paring skin and mature scar to putative hypertrophic scar and keloid. The
morphology of the collagen weave and tissue culture-derived fibroblasts
of representative tissue specimens was examined with the scanning elec-
tron microscope. Structural relationships of collagen fibers and bundles
were observed; fibroblasts were sorted, classified according to appearance
and average size, and then correlated with tissue of origin. A biochemical
profile for each tissue specimen was constructed characterizing the colla-
gen component by its degree of crosslinking, a-chain and amino acid
composition, and the lysyl oxidase activity in the tissue specimens.

Background Information

Collagen is the principle extracellular protein synthesized during active
fibrosis and is the dominant material in mature scar.? The maturation of
collagen involves the progressive loss of solubility by extensive crosslink
formation.®”

The collagen molecule is an asymmetric rigid rod with dimensions of 15
X 3000 A and a molecular weight of approximately 300,000. Each mole-
cule consists of three polypeptide chains—designated a-chains—each
containing approximately 1000 amino acid residues. Throughout the
course of most of the molecule, polypeptide strands are arrayed in the
unique collagen helix pattern. In the helical portion of each polypeptide
chain every third residue is glycine. These glycyl residues occupy the axial
plane of the helix.

Prior to secretion of the molecule from the cell, several biochemical
events occur: the collagen a-chains are thought to be aligned in the triple
helix in appropriate registration by large amino terminal extensions (about
20,000 daltons) which are then cleaved by procollagen peptidase; many
prolyl and lysyl residues are enzymatically hydroxylated by prolyl and
lvsvl hvdroxvlases—the degree of hydroxylation at each site varies de-
pending in part on species and tissue specificity; and glycosylation takes
place by the sequential addition of galactose and glucose to specific
hvdroxylysines.®

The completed collagen molecules are secreted by the cell into the
extracellular space as single tropocollagen molecules. Collagen molecules
form fibrils by precipitating in a linear, quarter-stagger array. Fibril
formation proceeds spontaneously in the extracellular space under phys-
iologic conditions.

Crosslink formation is important in fibril stabilization. Intramolecular
crosslinks exist within each molecule between polypeptide chains in the
nonhelical amino terminal portion. Intermolecular crosslinks within the
fibril are much more extensive and link many single molecules into a large
polymer.
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Crosslinking proceeds when the ¢-amino group of specific lysyl resi-
dues, predominantly those in the amino terminal region, undergo enzy-
matic oxidative deamination—mediated by lysyl oxidase—to the a-amino
adipic d-semialdehvde.® Crosslinks are formed when oxidized residues on
adjacent chains undergo aldol condensation reactions or when Schiff base
formation takes place between an oxidized lysyl or hydroxylysyl residue
and one which has not been modified—or possibly with another amine.
These Schiff bases become stabilized by subsequent reduction. The effi-
ciency of lysyl oxidase activity may be regulated by the type of fibril on
which it acts—the rate of crosslinking being dependent on the rate and
integrity of collagen fibril formation.!°

Skin and bone collagens are composed primarily of two tvpes of a-
chain: al(I) and a2.” The designated formula for the molecular a-chain
composition of collagen of this tvpe is [al(I1).a2]. This is known as Tvpe I
collagen. Cartilage collagen is unique, consisting of three identical a-
chains of different sequence from the Type I alpha chains.’:*> Cartilage
collagen has the formulation [a1(I1)]; and is known as Type II collagen. A
cysteine-containing interstitial collagen has been identified in human fetal
and newborn dermis, the media of large blood vessels, and uterine fibr-
omata.' This Type III collagen is formulated [al(III)];. Basement mem-
brane collagen, designated Type 1V, is a distinctive species with a high
molecular weight which contains cysteine.!*

Collagen degradation as well as synthesis is an important process in
developing the final connective tissue result of growth or repair. Mamma-
lian collagenases are a group of specific collagenolytic enzymes capable of
cleaving the native collagen molecule in a single region three-quarters
from the amino terminus.® Collagenase may often be harvested from
cultures of collagen-rich tissues, and its level may often correlate with
active resorption.'”1?

Materials and Methods

Normal skin samples were taken from healthy individuals undergoing elective surgery.
Scar specimens were obtained by surgical excision performed as part of the treatment of
the scar. All scars utilized in this study were the result of wounds sustained as least 1 vear
prior to treatment. The designation of hypertrophic scar or keloid was assigned to speci-
mens based on clinical judgment and recognized criteria.

Morphology

Gross Tissue Preparation

Eleven normal skin specimens (face or torso), twelve mature scars, seven hyvpertrophic
scars, and eleven keloids were excised and portions of the specimens glued epithelial-side-
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down to blocks of Silastic (Dow Corning Corp.) to allow fixation under physiologic tension.
The tissues were fixed in 4% formalin at 4 C for 1 week and then were sectioned on the
freezing stage of a sliding microtome to a thickness of 100 to 200 . Sections were taken
both parallel and perpendicular to the epithelial surface.

The specimens were then exposed to crude bacterial a-amylase,” washed in phosphate
buffer, and carried through graded ethanol and amyl-acetate solutions to displace tissue
water. To eliminate surface artifacts, the tissues were dried from 100% amyl-acetate using
the critical point drying technique with liquid CO, medium.?!

The dried specimens were mounted on aluminum studs with colloidal silver paint and
coated sequentially with vaporized carbon and gold-palladium 60-40 to a coating depth of
approximately 150 &. The specimens were then viewed under an AMR (Applied Materials
Research, Inc.) model 900 scanning electron microscope in the emissive mode at accelera-
ting voltages up to 20 kV.

Routine hematoxylin and eosin-stained sections cut parallel and perpendicular to the
epithelial surface were obtained on each specimen.

Fibroblast Preparation

Primary explants of dermal minces, dissected free of epithelium, were placed on
coverslips in Eagle’s minimal essential medium, pH 7.0, enriched with 10% calf serum,
pyruvate, and ascorbic acid at 37 C in a 5% CO, atmosphere. When the cells were near
confluency on the coverslip in Phase I fibroblast growth, the tissue explants were removed,
and the coverslips immersed in 3% gluteraldehyde for 72 hours. The slips containing the
fixed cells were gently washed in phosphate buffer, then prepared with critical point
drying and mounted an aluminum studs.

Fibroblast Sizing

Cell outgrowths from several representative specimens were trypsinized free of their
coverslips and passed into petri dishes. Upon reaching confluence from this first passage
(Phase 11, passage 1), the cells were exposed to 0.3% trypsin at room temperature for 5 to
10 minutes, washed twice with buffered saline, and dispersed in buffered saline, pH 7.0,
with gentle mechanical stirring to achieve a uniform single cell suspension.

A cell volume analyzer 2 was calibrated with chicken red blood cells (7-u diameter) and
paper mulberry pollen (12- to 14-u diameter). Population distribution curves were then
obtained for the various cell samples.

Biochemistry
Preparation of Starting Material

Portions of many of the tissue specimens which contributed information regarding
collagen and cellular morphology were lyophilized, powdered in a Wiley mill, and
solubilized with controlled enzymatic hydrolysis. Hydrolysis was accomplished with pep-
sin at temperatures low enough to confine hydrolysis to the nonhelical amino terminal and
perhaps carboxyterminal peptide segments, preserving 95% of the molecule initially
present. In this way, sequences adjacent to the intramolecular crosslinks and those inter-
molecular crosslinks which involve these regions are interrupted, resulting in effective
solubilization of many connective tissue collagens.*

Denaturation of pepsin-prepared collagens results in the release of a-chains as well as a
series of higher molecular weight aggregates (vide infra). It is a reasonable inference that
these higher molecular weight aggregates are derived from the intermolecular crosslinks
involving the pepsin-resistant peptides and that the degree of intermolecular crosslinking
initially present correlates well with the extent of residual aggregation.

In this study, the tissue powders were exposed to pepsin (Sigma Chemical Co.) at a
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concentration of 1:20 (w/w) of pepsin to tissue powder in 0.5 N acetic acid for 1 week at
11 C. An aliquot of this suspension was assayed for total hydroxyproline content. The
insoluble residue was removed by centrifugation (30,000g for 30 minutes) and the super-
nate brought to neutral pH with NaOH, adjusting the [Na+] to 1 M with NaCl. The
resulting percipitate, containing denatured pepsin, was removed by centrifugation. The
collagen in solution was then precipitated by the addition of NaCl to 3 M Na* and
centrifugation (30,000g for 30 minutes). The collagen precipitate was redissolved in 0.5 N
acetic acid and reprecipitated from the acid by addition of NaCl (5% w/v). The purified
collagen precipitate was retrieved by centrifugation (30,000g for 30 minutes) and redis-
solved in 0.5 N acetic acid, dialyzed against 0.001 N acetic acid, and lyophilized. This
collagen preparation was the starting material (SM) for subsequent analyses. Recovery of
collagen was calculated by measuring hydroxyproline in SM as a fraction of total hydroxy-
proline initially present.

Sequential Chromatography

Samples of the purified SM were dissolved in water and adjusted to 1 M CaCl,, 0.01 M
Tris Cl, pH 7, denatured by addition of solid urea to 8 M, and applied to agarose
molecular sieve columns to separate the components of the SM into a, 8 (two covalently
bound a-chains), ¥ (three a-chains), and higher aggregate fractions. To determine
the presence of Type I1I collagen in SM, the agarose molecular sieve column patterns from
representative SMs were compared with and without prior reduction and alkylation.

The a-chain fractions retrieved from the molecular sieve columns were dialyzed against
a 0.06 sodium acetate, pH 4.8, starting buffer and applied to a carboxymethyl cellulose
(CMQ) cation exchange column at 45 C with an elution gradient of 0 to 0.1 N NaCl for
separation of the al and o2 chains.

Amino Acid Analysis

Starting material and al and a2 chains were hydrolyzed for amino acid analysis on a
Beckman model 120C amino acid analyzer using the single column, multiple buffer
technique as described.™
Lysyl Oxidase Activity

Representative fractions of gross tissue powders from each type of specimen were kindly
analyzed by Dr. Robert Siegel for lysyl oxidase activity according to his methods.*°

Results
Morphology

Tissue

Normal Skin and Mature Scar. Low-power views of the collagen
weave of normal skin cut parallel to the epithelial surface demonstrate a
vast network of distinct collagen bundles, the majority of which run
parallel to the epithelial surface (Figure 1A). Perpendicular sections con-
firm this arrangement. The bundles of collageri fibers are discrete in their
interrelationships, but appear to be randomly connected with other colla-
gen bundles by fine fibrilar strands of collagen or perhaps elastin. The
individual bundles are on the order of 8 to 10 x in diameter.

High-power magnification of individual collagen bundles demonstrates
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that the fibers lie in parallel array and are closely packed (Figure 1B).

The interrelationship of collagen bundles appears less structured in
mature scar than in skin. Individual bundle morphology, however, is
indistinguishable from that of normal skin.

Hypertrophic Scar. The collagen weave of hypertrophic scar is deci-
sively different from that of normal skin or mature scar (Figure 2A).
Collagen bundles are flatter and less clearly demarcated. Bundle inter-
relationships appear less structured, though the majority of bundles still
appear to run parallel to the epithelial surface.

At higher magnification the fibers comprising the collagen bundles
appear loosely arrayed in a wavy pattern and often appear somewhat
fragmented and shortened (Figure 2B).

Keloid. Keloid collagen ultrastructure demonstrates even less appar-
ent organization than does hypertrophic scar (Figure 3A). Discrete bundle
formation is virtually absent; collagen fibers lie in haphazardly connected
loose sheets which appear oriented randomly with respect to the epithelial
surface.

Higher magnification further demonstrates the random nature of fiber
orientation, inconsistency in fiber length, and failure of bundle formation
(Figure 3B).

Fibroblast

The cellular outgrowths from the various tissue samples resulted in
pleomorphic populations of fibroblasts. However, several phenotypically
different fibroblast variants could be distinguished, and the relative distri-
bution of these variants differed systematically with the tissue of origin.

Normal skin, mature scar, and hypertrophic scar fibroblasts were pre-
dominantly of two types: a small spindle-shaped cell (designated the S
cell) and a larger, flatter more ameboid-appearing cell (designated the A
cell).

High-power views of the S-cell type revealed a distinctly bipolar fibrob-
last with a rough, lobulated cell surface. Fine strands of material ema-
nated from the base of such cells in a radial direction (Figure 4).

A cells, which seem to predominate in the keloid-derived fibroblast
populations, were rather flat, quite large, and possessed a smoother sur-
face. Pseudopod-like extensions were a feature of this cell.

Hypertrophic scar-derived fibroblasts were composed of many of both
the A and S cells, grouped randomly one among the other (Figure 5).

There were very few S cells in outgrowths from the keloid specimens. A
third type of cell, designated the K cell, often characterized keloid out-
growths. The K fibroblast was intermediate in size and appeared nearly
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unipolar with a blunted fore and long tailing cytoplasmic process (Figure
6). Table 1 represents an estimated frequency of occurrence of cell type
according to tissue of origin. It seems that keloid is composed primarily of
larger cell types and that a substantial number of smaller S cells exists in
the other tissues studied.

Fibroblast Sizing

Table 2 represents the analysis of cell sizes of representative cell out-
growths from each of the tissue types. The data suggest that the average
cell size of most keloid cell populations measured had mean cell sizes
significantly larger than the fibroblast populations from the other tissue
sources (P < 0.001).

Biochemi
Recovery of Collagen From Tissue Specimens

The estimate of collagen recovered, measured as percent hydroxy-
proline recovered in SM relative to the levels of hydroxyproline in the
whole tissue, was uniformly high (80 to 90% recovery for all specimens).

Chromatography

The molecular sieve chromatographic pattern derived from pepsin
solubilized normal skin collagen following denaturation is shown in Text-
figure 1. Peaks are identified corresponding to «, 8, and ¥ chains and an
excluded peak in a position consistent both with tetramers and with
higher aggregates is denoted 1. Persistent aggregation after pepsin solubi-
lization is interpreted to be a function of intermolecular crosslinks in-
volving pepsin-resistant sequences.

Text-figure 2 is a similarly derived pattern typical of three of the four
keloid specimens examined. The differences are dramatic, with pre-
dominance of the a-chain fraction and corresponding diminution of the
higher aggregates.

Subsequent chromatography of the agarose isolated a-chains on col-

Table 1—Frequency of Occurrence of Cell Types

No. of cells
Specimen counted S A K
Normal skin 55 70% 30% 0
Mature scar 105 50% 40% 10%
Hypertrophic scar 98 60% 35% 5%

Keloid 58 10% 60% 30%
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Table 2—Fibroblast Population Distribution

Cells sized Mean cell diameter  Calculated mean cell
Specimen X 10° (1) volume (cu p)
3A Normal skin 23.3 13.9+1.8 1396
2A Normal skin 28.8 16.7+25 2012
3B Maturescar 26.3 159 +2.2 2090
2C Hypertrophic scar 26.7 16.4 +£2.2 1899
3D Keloid 24.7 16.7 £ 23 2012
2D Keloid 32.0 16.4 +£ 2.6 2294
1D Keloid 35.3 171+ 24 2600

umns of CMC have provided a second intriguing observation. The pat-
terns observed for a-chains of normal skin and keloid are shown in Text-
figure 3. The relative peak area of al:a2 for skin is 6.4, and for keloid is
less than 3.

Table 3 summarizes the chromatography data for the specimens ana-
lyzed. The relative a-chain content of each specimen SM results in an
ordered gradient in a-chain content from 46% for normal skin to 91% for
keloid—with normal skin and scar having proportionately higher contents
of heavily crosslinked fractions (8, v, and higher aggregates), and hy-
pertrophic scar and keloid successively less. A single anomalous specimen
(specimen 9D) represents a clinically older earlobe keloid which was soft
and had been quiescent for a number of months prior to resection.
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TexT-FIGURE 1 —Molecular sieve pattern of pepsin-solubilized, denaturated normal skin colla-
gen. The a-chain component is equaled by the numbers of higher aggregates present.
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TexT-FIGURE 2—Molecular sieve pattern of pepsin solubilized. denatured keloid collagen. The
a-chains are the dominant component of the keloid collagen preparation.

Examining the ratio of al to a2 from each specimen, one can rank with
good correspondence this ratio inversely with the proportion of collagen
separating as a-chains on agarose. Piez? has shown in dogfish collagen
that, with respect to dimers, there is more 8,_, relative to 8, , than would
have been expected on the basis of the 2:1 ratio of al to a2. These
findings, together with the data presented here, suggest a special role for
the al-a2 association in the formation of crosslinks. Alternatively, the
apparent selective incorporation of a2 into crosslinks may reflect relative
resistance to pepsin digestion of the amino terminal region of the o2
chain.

It was anticipated that alteration of peak height on agarose chromato-
graphy by prior reduction and alkylation of SM would suggest the presence
of disulfide crosslinks as have been found in cysteine-containing colla-
gens.”® No such alteration of relative peak amplitude was observed on
representative SM samples so treated.

Amino acid analyses of SM, al, and a2 chains from normal skin and all
scar specimens vielded uniform and appropriate amounts of amino acid
residues. Cysteine—determined as a carboxymethyl derivative (and pres-

ent in Type III collagen)—has not been detected on the amino acid
analysis of any of the specimens.
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Lysyl Oxidase Activity

Lysyl oxidase activity in various normal skin and scar specimens was
measured as counts per minute of *H released from a collagen substrate
labeled with tritium (*H) on the C,; carbon—the site of the -OH group
oxidized by the enzyme. Table 4 summarizes this data.

Hypertrophic scar and keloid demonstrate levels of lysyl oxidase activ-
ity which are equivalent to or greater than those of normal skin and
mature scar. Specimen 12A represents normal skin taken from a site
adjacent to the 12D keloid. The keloid exhibited nearly three times the
lysyl oxidase activity observed in the normal skin from the same patient.

Discussion

Recent work suggests a sustained accelerated rate of turnover in abnor-
mal scars.»*? The activity of prolylhydroxylase, an enzyme associated
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Table 3—Summary of Chromatography Data

Age of Age of Percent al:a2

Sample Type specimen patient aonAg CMC
10A Normal skin 20 yrs 20yrs 45.5% 6.4
9A Normal skin 23 yrs 23yrs 49.7% —
12B Normal scar 12 mons 3yrs 58.8% 3.8
13B Normal scar 18 mons 6 yrs 59.9% —
9D Keloid? 18 mons 15yrs 61.7% 4.6
4C Hyper scar 24+ mons 53 yrs 64.21% 4.1

6C Hyper scar 12+ mons 10yrs 74.1% 3.96

11D Keloid 42 mons 30yrs 81% 297
7D Keloid 24 mons 58 yrs 83% -

8D Keloid 18 mons 9yrs 91% 2.32

with collagen synthesis, is elevated, and there is some evidence suggesting
a concurrent elevation of collagenolvtic activity.

The biosynthesis of collagen and its assembly into fibers and bundles in
the repair of wounded skin involves a complex series of biochemical
events. In pathologic scar formation, observed alterations in morphology
of the end product may be a reflection of an alteration of one or more of
these events.

Figure 7 depicts a schematic model for discussion of the potential sites
of biochemical control of connective tissue metabolism and structure.
These sites of control can then be related to the observed abnormal
morphology and biochemistry of keloid and hypertrophic scar that have
been demonstrated in this study.

Gene Product and Intracellular Events (Figure 7-1)
Collagen Synthesis

The production of a faulty collagen as an altered gene product does not
appear to account for the changes in structure we have described. We
studied the collagen of normal skin and various scars by its chromatogra-
phic behavior and amino acid content. The methods used failed to dem-
onstrate other than Type I collagen in normal skin, mature scar, hypertro-
phic scar, or keloid.

Hydroxylation

Amino acid analysis of various collagen fractions from each tissue tvpe
revealed uniform degrees of hydroxylation of prolyl and lysyl residues.
These data indicate that hvdroxylation of the a-chains as an intracellular
event is not responsible for the subsequent abnormalities in inter-
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Table 4—Lysyl Oxidase Activity in Skin and Scars

*H-release
(counts/min/mg tissue
Specimen + 10%)
15A Normal skin 5.3
19A Normal skin 9.6
16A Normal skin 17.3
12A4 Normal skin* 16.1
12B Mature scar 9.5
10B Mature scar 23.4
11B Mature scar 31.3
5C Hypertrophic scar 13.2
9C Hypertrophic scar 26.6
7C Hypertrophic scar 49.6
12D Keloid* 40.0
11D Keloid 16.8

* Same patient.

molecular crosslinking and the architecture seen in hypertrophic scar and

keloid.

Glycosylation

The glycosylation of collagen from a variety of tissues and species has
been studied in detail.”* There seems to be a consistent relationship
between fiber size and the degree of glycosylation of the collagen in-
volved. A high carbohydrate content is usually found when larger diame-
ter fibers are present. We have not yet measured the glycosylation of
hypertrophic scar and keloid collagen. However, consideration of the role
that such an alteration may play in fibril formation and subsequent
crosslinking is essential (vide infra).

Fibril Formation (Figure 7-2)

It has been suggested that fibril formation may be affected by the
degree of glycosylation of tropocollagen in one of two ways—either
covalent bonding to carbohydrate of hydroxylysyl residues may alter the
number of hydroxylysyl residues available for crosslink formation and
ultimate fibril stabilization or an increase in degree of collagen peptide

glycosylation may, by steric hindrance, prevent normal fibril forma-
tion.l4,27-29

Fibril Formation and Lysyl Oxidase Activity (Figure 7-3)

The aforementioned data are important in light of recent work by
Siegel *° concerning lysyl oxidase-mediated crosslinking and its relation-
ship to collagen fibril formation. Working with highly purified prepara-
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tions of lysyl oxidase, he has shown that when collagen is used as an in
vitro substrate, lysyl oxidase activity proceeds rapidly after an initial lag
phase. When spontaneous fibril formation is inhibited, lysyl oxidase dem-
onstrates little activity. Siegel's data strongly suggest that lysyl oxi-
dase-mediated crosslink formation in vitro procceds after the onset of
fibril formation and that the rate and perhaps structural characteristics of
fibril formation may modulate the formation of in vivo crosslinks.

Chromatographic data from our study demonstrate an increase in per-
sistence of higher aggregates in normal skin and scar following pepsin
digestion as compared with hypertrophic scar and keloid. These aggregates
presumably represent intermolecular crosslinks not susceptible to pepsin
digestion. One possible explanation for the lesser degree of intermolecular
crosslinking observed in hypertrophic scar and keloid is inefficient lysyl
oxidase activity secondary to faulty fibril formation.

Lysyl oxidase activity in keloid and hypertrophic scar tissues appears to
be the equivalent of—or even greater than—the levels of lysyl oxidase
activity in normal skin and mature scar. Therefore, no extractable direct
inhibitor of lysyl oxidase activity is present.

Other than faulty fibril formation, an alternate explanation of lysyl
oxidase inhibition—preventing intermolecular crosslink formation—
would be the presence of an unknown substance in the abnormal scars
which interferes with crosslink formation after the lysyl-derived aldehyde
is formed. For example, cystein, penicillamine, and other analogs act in
this manner.®

Glycosaminoglycans and the Formation of Fibers and Fiber Bundles (Figure 7-4)

There is considerable evidence that the control of the biosynthesis of
both collagen and the ground substance glycosaminoglycans (GAGs or
mucopolysaccharides) are interdependent.*® For example, it has been
observed that in tissues having the largest content of GAG there is
correspondingly less organization in collagen structure.®*

Kisher and Shetlar * have studied the interrelationship of GAGs and
the collagen of hypertrophic scar. They examined collagen morphology of
hypertrophic scar both with transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) and found a distinct lack of discrete
fiber and bundle morphology much as we have described. The morpho-
logic picture was correlated with a marked increase in chondroitin-4-
sulfate in hypertrophic scar determined by cellulose acetate elec-
trophoresis on papain-digested specimens. Levels of hyaluronic acid and
dermatan sulfate, the other commonly occurring skin glycosaminogly-
cans, were normal.
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These authors also postulated that the increase in ground substance was
responsible for interference with collagen fibril aggregation. Furthermore,
they suggest that the stimulus for new collagen production may reside in
an overabundance of chondroitin-4-sulfate.

Collagenolytic Remodeling of Fibrous Tissue (Figure 7-5)

It is known that the site of collagenase production by normal human
skin is in the papillary layer of the dermis and that in open wounds both
epithelium and mesenchymal tissues actively produce collagenase.®*
Cohen ! has reported, without delineating the method used, a significant
increase in collagenolytic activity in normal scar as well as hypertrophic
scar and keloid beyond that found in normal skin. Keloid was said to
demonstrate twice the collagenolytic activity of hypertrophic scar. At
present, there is no evidence to suggest that such collagenase activity in
scars is other than a compensatory response to an increase in fibrous tissue
deposition. It is interesting to speculate, however, that increased collage-
nolytic activity in hypertrophic scar and keloid may be a response to the
abnormal end architecture of the collagen fibers and bundles in these
tissues.

Feedback-Controls (Figure 7-6)

In scar formation and maturation, as in any dynamic biologic system,
feedback controls must be operative. It is conceivable that faulty end-
product formation—such as the abnormally organized collagen bundles
we have demonstrated in hypertrophic scar and keloid—stimulates com-
pensatory collagenolytic activity. It is not known whether resulting colla-
gen degradation products or, somehow, other elements associated with
the abnormally organized connective tissue either fail to repress collagen
production, actively stimulate it, or both.

Rokosova-Cmuchalova and Bentley * have shown that collagen syn-
thesis may be specifically interdependent with chondroitin sulfate syn-
thesis. The observation of an increase in chondroitin-4-sulfate content in
hypertrophic scar lends credence to the notion that the GAG component
of connective tissue may directly affect the final form of the fibrous matrix
and may possibly directly or indirectly influence the degree of production
of the collagen component of the matrix.

Role of the Fibroblast (Figure 7-7)

It is not known whether the same fibroblasts which produce the GAG
component of connective tissue also actively produce the collagenous
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component. Collagen, GAGs, and collagenase are all fibroblast products.
It is conceivable that fibroblasts selectively producing one of these com-
plexes might be morphologically distinct from fibroblasts producing a
different moiety. Our identification of morphologic variants of fibroblasts
in skin and abnormal scars with numerical ratio of such variance depen-
dent on tissue origin provides impetus to approach these cellular parame-
ters regulating connective tissue metabolism via mass cultures, serial
subcultures, and cloned passages of distinctive morphologic phenotypes.

Summary

We have demonstrated that collagen fibers and fiber bundles display a
decreasing level of organization as the clinical degree of scar abnormality
increases and that this structural gradient correlates with the gradient of
intermolecular crosslinking in the same tissues—normal skin, mature scar,
hypertrophic scar, and keloid being successively less crosslinked. Surpris-
ingly, the enzyme which initiates intermolecular crosslinks—Iysyl oxi-
dase—is normal or elevated in hypertrophic scar and keloid despite a
relative lack of crosslinking in these tissues. In both normal tissues and
pathologic scars we have found only normal Type I collagen—based on its
chromatographic behavior and amino acid content.

The fibroblasts cultured from these tissues consist of three phenotyp-
ically different (S, A, and K) variants whose relative distribution corre-
sponds with the tissue of origin.

A hypothetical model can be constructed which aids in explaining our
findings and other recent discoveries concerning the biosynthesis and
regulation of scar formation.

The results of these studies lead to the conclusion that hypertrophic scar
and keloid are not separate and distinct pathologic entities. They are best
characterized as similar aberrations which occupy to a greater or lesser
degree the abnormal pole of the spectrum of human wound healing and
scar maturation.
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Figure 1A—Normal dermal collagen bundles. Basement membrane and epithelial
layer are seen in the left lower corner of the micrograph. Fine interconnecting fibers
lie among the collagen bundles. (X 500) B—Normal dermal collagen bundie. Com-
pactly arrayed parallel fibers comprise bundies 8 to 10 u in diameter. (X 5000)



Figure 2A—Hypertrophic scar collagen. Bundle formation is less ordered and inter-
relationships more random than in normal skin or mature scar. (X 500) B—Hy-
pertrophic scar collagen. Fibers are loosely arrayed in a wavy pattern. Individual
fibers often appear attenuated. (X 2000)



Figure 3A—Keloid collagen. Discrete bundle formation is lacking. Collagen is arranged
in randomly oriented loose sheets. (X 500) B—Keloid collagen. Fibers fail to form
bundles and are arrayed in loose, wandering, random fashion. (X 2000)



Figure 4—S type fibroblast. Note the rough cytoplasmic surface and bipolar spindle
shape. (X 2000)

Figure 5—Hypertrophic scar-derived fibroblasts. Many of both S and A type cells are
scattered throughout the field. (X 400)



Eo.b';' 6—Keloid-derived fibroblasts. The K type cell is noted as a separate entity. (X
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Figure 7—Regulation of collagen biosynthesis and morphogenesis—a hypothetical
model.
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