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STUDIES OF THE GROWTH, DEVELOPMENT, AND CELLULAR
ACTIVITY OF EXPERIMENTALLY INDUCED
CONNECTIVE TISSUE COMPLEXES

IN THE HUMAN

CHAPTER 1

INTRODUCTION

It is generally accepted that the fibroblast is the cell pri-
marily responsible for the production of ground substance and collagenous
fibers in the regeneration and development of the connective tissues
proper in the healing wound. Schwann in 1839 and Flemming in 1891 sug-
gested that collagenous fibers were formed within the cell cytoplasm and
that fibrillogenesis represented a direct transformation of the cytoplasm
(Arey, 1936).

This theory was modified by the works of Hansen (1899), Mall
(1902), Mallory (1903), and Studnicka (1903, 1907). These investigations
were later upheld by Lewis (1917), and Mallory and Parker (1927). These
early investigators suggested that the specific connective tissue cells
(fibroblast, chondroblast, or osteoblast) were responsible for the forma-
tion of collagenic fibers or the precursory collagenic substance, a con-
cept reiterated by Godman (1961). These investigators further reported

that the connective tissue cells responsible for forming the collagenic
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material were divided into an endoplésmic region and an exoplasmic region
which was suggested to be the area of accumulation of precursory colla-
genic material. Subsequently overt collagenic fibrous material was formed
in the exoplasm which is concurrently converted to an extracellular posi-
tion whére it became the intercellular components of connective tissue,
the amorphous ground substance and the collagenic fibrous material.

These reported observations, while suggesting a specific secre-
tory activity, gave rise to the theory that collagenic fibers were formed
intracellularly.

In contrast such investigators as Henle in 1841, Kolliker in
1850-1854, Ranvier in 1875, von Ebner in 1896, and Merkel in 1909 were
of the opinion that collagen was formed by a sort of crystallization of
a semifluid, amorphous, secreted substance in their intercellular space
(Arey, 1936). This theory was supported in part by Baitsell (1916, 1917),
Alfejew (1926), Maximow (1928), and Wolbach (1933). These investigators |
observed fibrils forming in the amorphous intercellular material far
distant from the cells. They further suggested that the amorphous inter-
cellular material was secreted by the connective tissue cells.

Both of these theories, while being in direct contention, alluded
to the broad concept that specific cell contact is required in the pro-
cess of fibrillogenesis. Investigative observations referable to this
concept were reported by Sterns (1940a, 1940b) and reemphasized by Porter
(1964) and, Richter and Schilling (1969).

The ultrastructural changes in the cell during fibrillogenesis,
the method of synthesis, the morphology of the collagen molecules and

its polymerization into the overt collagenic fibril are matters of
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current interest and will be discussed in the discussion section of this
investigation.

The literature contains many ultrastructural studies on experi-
mental animals concerning inflammation and connective tissue formation.
Most of the investigations were executed with laboratory animals such
as the rat (Gross, 1950; Wasserman, 1954; Peach, et al., 1961; Fernando
and Movat, 1963); the guinea pig (Schilling, et al., 1953b; Chapman,
1961; Ross and Benditt, 1961, 1962a, 1962b), the mouse (Abercrombie,
et al., 1957; Karrer, 1958; Silberberg, et al., 1961), and dogs
(Schilling, et al., 1959, 1961; Richter, et al., 1964a, 1964b, 1964c,
1966; Richter and Schilling, 1969).

The granulation tissue for study was usually induced by direct
incision (Ross and Benditt, 1961, 1962a, 1962b, 1968; Schilling, et al.,
1953; Hay and Revel, 1963), by tissue culture methods (Porter and Vanamee,
1949; Jackson, 1953; Abercrombie, et al., 1957), and induction by forma-
tion of the carrageenin granuloma .(Jackson, 1957; Lowther, et al., 1961;
Barton, 1962).

One method of experimental investigation involves the implanta-
tion into animals of specially structured mechanical devices. These de-
vices and their implantation provide a sterile dead space which serves
as: 1) an inducer of the connective tissue regeneration phase of the
healing wound and 2) a substrate for the developing connective tissue
complex. Some of the devices used include polyvinyl sponges (Dumphy and
Udupa, 1955; Noble and Boucek, 1955; Bollet, et al., 1958; Schilling,
et al., 1959), perforated celluloid spheres and methacrylate cylinders

(Guyton, 1963), knitted dacron cylinders (Florey, et al., 1962; 0'Neal,
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1964), and stainless steel and tantalum wire mesh spheres or cylinders
(Schilling, et al., 1953a, 1953b; Shetlar, 1959; White, et al., 1959;
White, et al., 1961; Richter, et al., 1964c).

The use of the mechanical devices has the advantage of producing
standardized highly ordered fibrocollagenous tissue complexes without the
interference of epithelization. Further, the separation and characteri-
zation of certain cellular and fluid components of the regenerating con-
nective tissue for biochemical, physiological, and morphological studies
has been made possible by the use of mechanical devices.

Previous studies by this laboratory have utilized stainless
steel wire mesh cylinders implanted in experimental dogs for the purposes
of studying blood and lymph vascular components (Schilling, et al., 1959;
Schilling, et al., 1961), blood and wound fluid (Richter, et al., 1964c;
White, et al., 1959, 1961), extravascular fibrocollagenous tissue compon-
ents (Schilling, et al., 1959; Schilling, et al., 1961; Richter, et al.,
1964a, 1964b; Richter and Schilling, 1969), and the morphologic structure
of the tropocollagen molecule (Richter, et al., 1966; Richter and
Schilling, 1969; Richter and Schilling, 1970).

In regard to ultrastructural studies of wound repair in man,
little information has been available. Hartwell's observations (1955) on
mechanisms of healing in man has suggested certain differences. Ultra-
structural studies on human wound repair by Ross and Odland (1968), and
Odland and Ross (1968) were felt to .compare favorably with previous
studies on guinea pigs and rats. It should be noted that their model
wound was a direct incision with skin plugs removed from the wound.

The purpose of this study is to a) morphologically characterize
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fibrocollagenous tissue complexes structured in vivo in human male volun-
teers with reference to changes during the time course of fibroplasia,
b) investigate the fine structural aspects of the extravascular tissue
complexes which bear on the problem of collagenic fibrillogenesis, and
c) analyze and compare the findings with previously reported morphologi-
cal data related to the experimental fibrocollagenous tissue complexes
structured in vivo in the dog and pertinent findings by other investi-

gators.



CHAPTER II

MATERIALS AND METHODS

Fibrocollagenous tissue complexes were induced in a group of
22 human male volunteers who had received prior physical examinations to
determine their state of health and suitability for implantations of
specially structured stainless steel wire mesh cylinders. Induction of
the fibrocollagenous tissue complexes followed procedures previously de-
scribed by Schilling, et al., (1959), and Richter and Schilling (1969).
The steel mesh cylinders (7.2-7.6 cm long by 1 cm in diameter with closed
ends) were fabricated from mesh no. 40, surgical foundation wire mesh
which has openings 0.18 mm and 195 openings per square centimeter.

Using local anesthesia and aseptic conditions, two cylinders
were implanted in the superficial fascia of the upper right abdominal
quadrant of each volunteer. The inducing cylinders were reclained using
local anesthesia at intervals of 2, 3, 4, 8, 12, and 16 weeks. The phys-
ical examinations and all surgical techniques were performed by Dr. John
A. Schilling, Department of Surgery, University of Oklahoma Medical
Center.

Upon reclamation, the cylinders were opened longitudinally with
wire cutting scissors and the induced tissue complexes were immediately
immersed in the appropriate fixatives for light or electron microscopic
studies. The tissue was dissected away from the steel mesh during the

6



first few minutes of fixationm.

The collagenous tissue complexes for light microscopy were fixed
in 10 per cent neutral buffered formalin solution (pH 7.0). Subsequent
washing, dehydration, clearing, paraffin embedment, sectioning, and
staining was performed by Dr. Walter Joel's laboratory, Oklahoma Medical
Research Foundation. Additional sections were cut and stained by the
investigator. The stains employed were Harris's hematoxylin-eosin (Armed
Forces Institute of Pathology, 1960), Heidenhain's "Azan" (Lillie, 1954),
periodic acid-Schiff (Armed Forces Institute of Pathology, 1960), elastica
(Kornhauser, 1952), Gomori's reticular stain (Armed Forces Institute of
Pathology, 1960), and Van Gieson's picrofuchsin (Armed Forces Institute
of Pathology, 1960). The sections were examined with an AO Spencer re-
search microscope and a Wild M20 research microscope.

A 12-week-old tissue complex was cleared of paraffin with xylene,
hydrated through descending alcohol concentrations to water, placed in a
1 per cent aqueous osmium tetroxide solution for three weeks and sectioned
free-hand in a transverse plane. The gross structure of the connective
tissue complex was studied with an AO Spencer dissecting microscope.

The tissue complexes for electron microscopic study were immedi~
ately immersed in cold fixative (5° C), dissected from the steel mesh
and minced into 1 mm square pieces. The fixative and fixation time em~-
ployed was either a 1 per cent osmium tetroxide solution buffered with
Sorenson's phosphate buffer (pH 7.4) for 2 hours or a 6.25 per cent
gluteraldehyde buffered to pH 7.4 with s-collidine (Bennett and Luft,
1959) for 2 hours and post-fixed with 1 per cent aqueous osmium tetroxide

for 1 hour. The tissue was washed in the respective cold buffer for 30
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minutes, dehydrated in ascending ethyl alcohol concentrations (35, 50,
80 per cent for 15 minutes each, 95 per cent for 40 minutes and 100 per
cent for 1 hour with 3 changes), and infiltrated. Infiltration was
accomplished with a 50/50 absolute ethyl alcohol and methacrylate mixture
(25 per cent n-ethyl- and 75 per cent n-butyl-methacrylate) for 45 minutes
with frequent changes. The mixture was changed to a 100 per cent meth-
acrylate mixture containing 3 per cent benzoyl-peroxide catalyst for 1
hour at room temperature with 3 or more changes. Next, the tissue under-
went a prolonged infiltration (12-18 hours) in the methacrylate-catalyst
mixture at 5-10°-C. Prior to embedment the tissue was returned to room
temperature and changed to a fresh methacrylate-catalyst mixture. The
infiltrated tissue was placed in Beem plastic capsules and polymerized
with U-V light (Tissue to source, 2 cm, temperature 27-35° C) until the
tissue embedment was sufficiently firm for cutting.

Precision trimming and thin sectioning (2-3 microns) were accom-
plished with a Porter-Blum MT-2 microtome. The thin sections were mounted
on glass slides, the embedment removed with xylene, hydrated through de-
scending ethyl alcohol concentrations to water, and stained with hematox-
ylin-eosin or hematoxylin-phloxine. The stained sections were dehydrated
through ethyl alcohol solutions, cleared with xylene, and mounted with
permount for study with a light microscope.

Ultrathin sections were cut with a Porter-Blum MT-1 microtome.
The ultrathin sections were cut onto a water flotation bath and flattened
with toluene or xylene vapors. The sections were mounted directly from
the flotation bath onto formvar coated specimen screemns.

The various stains and stain combinations investigated were
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phosphotungstic acid, phosphomolybdic acid, uranyl acetate, and various
lead stains. Staining with phosphomolybdic acid was found to be unsatis-
factory. The optimum staining with phosphotungstic acid was achieved
with a 1 per cent aqueous solution for 1 hour followed by a 30 minute
wash in distilled water with 3 changes. The optimum uranyl acetate
staining was achieved with a 1 per cent aqueous solution for 5 minutes
in a 60° C oven, followed by a 30 minute wash in distilled water with
several changes. The lead stains were used in conjunction with uranyl
acetate to improve general contrast as suggested by Kay (1965). The lead
stains tested were lead hydroxide (Watson, 1958; Daltcn and Ziegel, 1960;
Karnovsky, 1961), lead tartrate (Millonig, 1961). and lead citrate
(Reynolds, 1963; Venable and Coggeshall, 1965). The Venable and
Coggeshall lead citrate stain proved very satisfactory. The stain was
prepared by dissolving 20 mg of commercial lead citrate (K & K Labora-
tories) in 10 mls of 0.1 N NaOH.' The sections were stained for 45 sec-
onds, and washed for 3 seconds in 0.02 N NaOH followed by a 1 minute wash
in distilled water. The ultrathin sections were examined with an RCA

EMU-4A electron microscope.



CHAPTER III

OBSERVATIONS

General and Light Microscopic Observations

When the wire mesh cylinders were retrieved and the connective
tissue complexes dissected from the mesh, it reflected the long cylin-
drical shape and size of the induction device. As seen in cross section
(Figure 1), an osmicated 12-week-old induced connective tissue complex
is cylindrical with a smooth lumen. Further, the osmicated tissue com-
plex exhibits concentric osmiophilic and osmiophobic zones which impart
a lamellated appearance to the complex. Additional investigation found
the osmiophilic zones to be primarily cellular and the osiophobic zones
to be composed predominantly of fibrous material. The tissue complexes
after 12 to 16 weeks of growth have a measurable wall thickness of 0.8
mm to 1.5 mm.

The 2-week-~old tissue complexes are primarily cellular with a
minor amount of fibrous material. 1In cross sectional profile, the cells
around the lumen are oriented with the long axis of the cell parallel
with the lumen. The cells more peripherially located exhibit no appar-
ent orientation. The fibrillar material has a random interwoven appear-
ance and exists mainly around the periphery of the cells. The 3~week-
old tissue complexes are predominantly cellular; however, in the mid-
region of the tissue (between the periphery and the lumen) a zone of

10
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fibrous material has developed. This zone while being primarily fibrous
does contain cells which are widely spaced due to the amount of fibrillar
material between them. The fibrous zone follows the general shape of the
tissue complex, i.e.; a cylindrical zone of fibers coursing parallel to
the lumen. By the 4th week of growth (Figure 2) more than one fibrous
zone has developed and the fibrous zones are more discretely organized.
Between the fibrous zones, cellular zones exist in which the cells are
closely pécked with a minor amount of fibrillar material deposited be-
tween them. The luminal and peripheral aspects of the tissue complexes
are descriptively the same in all ages as described for the 2 and 3 week-
old complexes. The 8, 12, and l6-week-old tissue complexes are arranged
essentially like the 4-week-old tissue complex with the exception of
having more fibrous zones developed (compare Figure 1 and Figure 3 to
Figure 2). Thus, the older tissue complexes can be divided into 3 regions:
a peripherél region which is primarily cellular, a mid-region which con-
sists of alternating cellular and fibrous zones, and a luminal region
which is predominantly cellular.

As more fibrous zones are developed with age, the peripheral
zone of the tissue complexes diminishes in width. Further, the wider
fibrous zones are located more peripherally with a diminution of the mea-
surable width of the fibrous zones which are succeedingly closer to the
lumen (Figure 1).

The primary cell type identified in the connective tissue com-
plexes is the fibroblast. Based on cytoplasmic basophilia some of the
fibroblasts of the 2-week-old tissue complexes (with the exception of the

luminal region) and the fibroblasts in the peripheral region of complexes
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of all ages are comparatively less active than the fibroblasts of the
cellular zones in the mid-region. The characteristics exhibited include
an ellipsoidal nucleus containing one or more nucieoli, an abundant cyto-
plasm with little or no basophilia and multiple cytoplasmic processes.
There is an increased basophilia in fibroblasts of the peripheral zone
which lie adjacent to a fibrous zone.

The fibroblasts of the luminal areas exhibit characteristics of
a more active nature. They appear as long attenuated bipolar cells with
scanty cytoplasm but of a more basophilic nature. The long spindle-shaped
nucleus conforms to the shape of the cell and usually contains multiple
nucleoli. These luminal cells, when viewed in a plane parallel to the
luminal surface appear as large irregularly shaped cells. Their over-
all configurations would descriptively resemble that of squamous epithe-
lial cells.

In the region of alternating fibrous and cellular zones, of the
“older tissue complexes (4, 8, 12, and l6-week-old) the fibroblasts pre-
sent several different configurations. Some of the fibroblasts of the
cellular zone resemble the less active cells of the peripheral regions,
however most of the cells exhibit a marked increase in basophilia and
are considered more active (Figure 4).

The fibroblasts of the fibrous zones may be long attenuated
polar cells, or cells in various stages of cell death (Figure 5, Figure
6). The nuclei range from long spindle-shaped nuclei with multiple
nucleoli to pycnotic nuclei. Cytoplasmic basophilia is variable from
cell to cell; however, it is geuerally decreased in comparison to cells

of the cellular zone. Fragmented remnants of cells are also present in
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the fibrous zone. Mitotic figures were not observed in any region of
the tissue complex.

Other cell types observed in the connective tissue complexes in-
clude eosinophiles, lymphocytes, macrophages, and foreign body giant-
cells. The eosinophiles and lymphocytes were generally located near the
periphery of the tissue complex.

A particular type of macrophage was found in the peripheral
regions of some of the older tissue complexes (8, 12, and 1l6-week-old).
These cells contained a foamy or reticulated, clear staining cytoplasm.
The nucleus is oval and contains a single, slightly eccentric nucleolus.
These cells are identified as "foamy" histiocytes (Figure 7).

Foreign body giant-cells (Figure 8) were observed in a number
of the tissue complexes (3, 8, 12, and l6-week~old). Their occurrence
is observed only in the extreme peripheral areas of the tissue complex.

In determining the fibrous component of the tissue complexes,
the elastic tissue stain was negative in all ages of development. The
reticular stain was positive (Figure 9) and small argyrophilic fibers
were observed around the peripheral margins of the fibroblasts. Based
on other stains, (Van Gieson's picrofuchsin, Heidenhain's "Azan', and
hematoxylin-eosin) the fibrillar material was found to be collagenic.

The periodic acid-Schiff stain applied to the human connective
tissue complexes was negative although a false positive was obtained with
prolonged oxidation and staining.

In the 3 through l6-week-old tissue complexes cell-lined tissue
spaces were observed (Figure 2, Figure 3). The luminal areas presented

as clean clear spaces unoccupied by cells or cell products in the light
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microscopic preparations. These tissue spaces occur primarily in the
predominantly cellular areas, particularly in the peripheral regions of
the complexes although occasionally a tissue space is observed in a

fibrous zone.

Electron Microscopic Observations

The predominantly cellular areas of the tissue complexes are
found to be comprised mainly of healthy fibroblasts (Figure 10) with a
minor amount of fibrillar material between the cells. The predominantly
fibrous zones are comprised mainly of collagenic fibrous material with
a few widely spaced cells and cell remnants in various stages of cyto-
destruction (Figure 11).

Cell-lined tissue fluid spaces are present in the cellular areas
(Figure 12, Figure 13). The cells lining the tissue space or channel
are identified as fibroblasts arranged in a cord-like fashion. Structur-
ally, the fibroblasts have a normal, healthy appearance with a wide spec~
trum of organelle variation (Figure 13).

In the cellular areas, the fibroblasts display a wide spectrum
of structural features which may be observed in the peripheral region of
the tissue complex and in the alternating cellular zones. The mitochon-
drial complement (Figure 13, Figure 15) may present as: 1) a vesi;ular
structure with short tubular cristae and fine filamentous structures in
an electron-lucent matrix, 2) the matrix may appear dense with long tub-
ular cristae, 3) the cristae may appear granular in a very dense matrix,
4) the mitochondrion may contain a dense granular matrix without demon-
strable cristae.

The endoplasmic reticulum may appear as granule studded
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membranes encompassing large dilated cisternae (Figure 10) or smaller
well developed tubular cisternae which occupy a major portion of the
cytoplasm (Figure 14). The ribosomes may be attached to form the rough
endoplasmic reticulum or exist free in the cytoplasm.

The Golgi complex may exist as stacked, flattened, smooth mem-
branes (Figure 13) or as small membraneous vesicles (Figure 15). The
Golgi complex does not occur as a prominent feature in the fibroblasts
studied.

The cytoplasmic matrix or hyaloplasm is of variable density.

It may occur as a homogenous matrix which is relatively electron-lucent
or the hyaloplasm may be an electron-dense condensation in the cortical
regions of the cell next to the plasma membrane (Figure 14).

The cytoplasm contains a fine filamentous or fibrous network
(Figure 22, Figure 23). These filamentous fibers measure from 50 ] to
90 & in diameter. They are found distributed throughout the cytoplasm,
forming a cytoskeleton. Condensations of these cytoskeletal fibers were
observed in the cortical regions of the cell (Figure 15). In areas of
the membraneous structures of the cell such as the nuclear membrane, the
plasma membrane or the endoplasmic reticulum, the fibers appear to blend
with or form a part of the membranes.

The nuclei of the fibroblasts are also variable in structure.
The nuclear membranes generally appear as a normal double membrane
(inner and outer) delimiting the nucleoplasm (Figure 15). There is a
wide variation in the concentration and density of the chromatin material

around the nuclear membrane and in the nucleoplasm (Figure 14, Figure

15).
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Within the nucleus, spherical structures of varying size, num-
bers, and ultrastructural detail were observed (Figure 14, and Figures
16 through 21). These structures were identified as nuclear bodies. As
many as four have been identified in any one nucleus. Their frequency
of distribution indicated they are a normal complement of the fibroblast
nucleus. The size range of the nuclear bodies measured was from 393 A
to 6,075 L. The nuclear bodies are comprised of small filamentous struc-
tures which are arranged in a spherical or circular pattern. The fila-
ments measured from 32.0 A to 75.1 & in diameter. Granules of various
sizes were found in the center of some of the nuclear bodies (Figure 18,
Figure 19). The size range of the granules measured was from 78 A to
475 A. The center of some of the nuclear bodies contained one large
dense structure which is made of a condensation of smaller granules
(Figure 20). One nuclear body observed was in a nucleus of the condensed
chromatin type. There was a decreased affinity for stain; however, the
filaments and granules were still recognizable. Nuclear bodies generally
were not observed in the nucleus of cells undergoing cytodestruction.

The formation of collagenic fibrils was observed in relation to
a spectrum of changes occurring at or near the surface of fibroblasts of
the cellular zones. The changes involve the plasma membrane, the hyalo-
plasm, and the fibers of the cytoskeleton. The various changes may occur
simultaneously within localized areas of the individual cell. For pur-
poses of description, the cyclic changes are divided into four phases.
The designations of these phases (al through a4) have been previously
described by Richter and Schilling (1969) who studied fibrillogenesis in

induced connective tissue complexes in dogs.
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In the first phase (al) the plasma membrane appears as a normal
intact membrane. The cortical hyaloplasm is of minimal thickness and the
fibrils of the cytoskeleton are randomly dispersed (Figure 14, Figure 15).

The second phase (a2) is denoted by the accumulation of an
electron-dense cortical hyaloplasm and its subsequent hypertrophy. With-
in the cortical hyaloplasm, the fibers of the cytoskeleton may be con-
densed and course parallel to the plasma membrane which is still intact
(Figure 14, Figure 15).

The third phase (a3) is characterized by the disruption of the
plasma membrane and the formation of overt collagenic fibrils within the
electron-dense cortical hyaloplasm (Figure 14, Figure 15). The electron-
dense hyaloplasm blends into the intercellular matrix locally and the
collagenic fibrils forming within it. The fibers of the cytoskeleton,
while discernible as separate entities from the collagenic fibrils, are
in close apposition to and are ordered parallel with the long axis of
the collagenic fibrils (Figure 22).

Subsequently, in the fourth phase (a4), the plasma membrane is
reformed behind the area of cortical condensation leaving the dense
hyaloplasm, cytoskeletal fibers, and the overt collagenic fibrils in an
intercellular position (Figure 14). The reformation of the plasma mem-
brane occurs at the junction of the endoplasmic and cortical zone.

Contributions of collagenic fibrils to the intercellular areas
in the previous manner is an apocrine-like secretory process. The con-
densation of the hyaloplasm and cytoskeletal fibers establishes a region
of organizing collagenic fibrils. With the disruption of the plasma

membrane, the region of organizing collagenic fibrils blends with the
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homologous regions of adjacent cells in such a manner that a common region
is established in which the individual contributions of each cell is not
discernible (Figure 15). The deposition of collagenic fibrils and the
concomitant loss of cytoplasm separates the distance between the adjacent
cells.

Collectively, the newly formed collagenic fibrils in the region
of organizing collagenic fibrils around the periphery of the cell cor-
responds to the argyrophilic fibers observed at the light microscopic
level (compare Figure 14 to Figure 9). Further, the blending of colla-
genic fibrils in a common region establishes the collagen fiber discern-
ible at the light microscopic level.

The fibroblasts and cell processes located in fibrous zones
follow a different recognizable secretory cycle. The fibroblasts undergo
an orderly pattern of regression or cytodestruction which is interpreted
to be a holocrine-like secretory process. The descriptive phase designa-
tions (hl through h3) have been previously described by Richter and
Schilling (1969).

In the first phase (hl) of holocrine-like deterioration (Figure
24), the nucleus is reduced in size. The outer nuclear membrane is only
partially discernible and chromatin material is condensed around the
periphery of the nucleus. The mitochondria are usually reduced in size
and number. While a wide spectrum of variation has been noted, the mito-
chondria generally have long tubular cristae which may or may not be
granular in a matrix of varying density or the entire mitochondrion is
a dense granular structure with no recognizable cristae. The endoplasmic

reticulum occurs as ill-defined membranes which are reduced in amount.
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They are generally granule-studded and may occur as vesicles or fragments.
The ribosomes are either attached to the endoplasmic reticulum or freely
dispersed in the cytoplasm. The Golgi complex is infrequently seen;
however, when observed it occurs as small vesicles.

The plasma membrane is well defined and an electron-dense corti-
cal hyaloplasmic zone lies adjacent to the plasma membrane. The fibrils
of the cytoskeleton may be masked due to the density of the hyaloplasm.
This phase of holocrine~like deterioration descriptively resembles the

cell surface changes in the a, phase of apocrine-like deposition. The

2
greatly hypertrophied hyaloplasm and diminutive endoplasm provide the
major exceptions.

With the disintegration of the plasma membrane, the second
phase (hz) commences (Figure 24, Figure 25). Collagenic fibrils form in
the cortical condensation in the same manner as described in the apocrine-
like secretory process, except the plasma membrane is not re-established
as in the a, phase of apocrine-like secretion.

The cells of the second holocrine-like deterioration phase (h2)
have virtually no plasma membrane. The cell surface is now represented
by an electron-dense hyaloplasm containing organizing collagenic fibrils
and the associated cytoskeletal fibrils (Figure 23, Figure 25). The
electron-dense hyaloplasm is greatly hypertrophied and may extend from
the arbitrary cell surface to juxtanuclear positions.

The fibrils of the cytoskeleton are present but as noted in the
hl phase, may not be discernible due to the density of tﬁe electron~dense

cortical hyaloplasm. Remnants of the endoplasmic reticulum appear as

scattered fragments. The ribosomes may be attached to these fragments
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forming a rough endoplasmic reticulum, or more commonly are found free
in the cytoplasm. The mitochondria are greatly reduced in number, and
contain internally long granular cristae in a dense matrix or a totally
granular matrix with no discernible cristae. The outer nuclear membrane
may occasionally be present. The nucleus is either of the condensed
chromatin type (Figure 25) or slightly pycnotic.

Due to the continued elaboration of collagenic material and re-
gression of the cytoplasmic matrix, the fibroblasts occupying positions
at the junction between adjacent cellular and fibrous zones are further
removed from adjacent cells. These cells are now deeper in a fibrous
zone which they have created around themselves.

With continued holocrine-like deposition of collagen, the cells
enter the terminal phase (h3) of regression and cytodestruction (Figure
11, Figure 26). In the final phase (h3) of cytodestruction, the nucleus
of the fibroblast is reduced in size, and the chromatin material is con-
densed throughout the nucleus (pycnosis). Progressive cytodestruction
continues until the nuclear material fragments (karyorrhexis) leaving
only nuclear debris. An occasional remnant of the outer nuclear membrane
may be present; however, by this stage of wasting, the nuclear membrane
has usually dissipated.

The endoplasmic reticulum and Golgi complex have usually dete-
riorated to the point that no recognizable fragments are observable.

The only observable structures in the cytoplasm are the highly modified,
dense, granular mitochondria and free ribosomes. These structures
eventually disappear with continued wasting.

Except for an occasional remnant, the plasma membrane has
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deteriorated. The perimeter of the cytoplasm of the h2 phase is marked
by a greatly hypertrophied cortical condensation consisting of the elec-
tron-dense cortical hyaloplasm, condensed fibrils of the cytoskeleton,
'and organizing collagenic fibrils. Within the condensed cortex in the
h3 phase, the electron-dense hyaloplasm comes to reside in a perinuclear
position. The cytoplasm is now represented by insular-like cytoplasmic
extensions among the collagenic fibrils and the small amount of perinu-
clear electron-dense hyaloplasm (Figure 26, Figure 27). The insular-like
cytoplasmic extensions now occupy areas between the regions of organizing
collagenic fibrils. The condensed hyaloplasm and cytoskeletal fibrils
of the cells and cell extensions are gradational with the interfibrillar
matrix. Collagenic fibrils are observed to form at both the surface of
the intracellular hyaloplasm and in the interfibrillar matrix which was
derived from the cortical hyaloplasm,

The fibroblasts undergoing holocrine~like deterioration contri-
buted the major amount of fibrous material formed in the tissue ccmplex.
This is readily demonstrable by comparing Figures 14 and 15 to Figures
25 and 26. The cells in apocrine-like phases of collagenic fibril forma-
tion do so at localized areas of the cell surface. The amount of cyto-
plasm utilized in apocrine-like deposition is minor compared to that
utilized in holocrine-like deterioration where fibroblasts contribute
almost all of their cytoplasmic mass to the formation of collagenic
fibrils and the interfibrillar matrix.

As described in the apocrine-like phases, the individual regions
of organizing collagenic fibrils in holocrine-like deterioration blend

to form a common region of organizing collagenic fibrils. With
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differentiation of the fibrils, the common region is represented by the
collagenic fiber discernible at the light microscopic level (compare
Figure 27 to Figure 5).
Long cell processes (Figure 28, Figure 29) extending into the
fibrous zone may show all changes .of the holocrine-like deterioration
phases h

through h The cytoplasmic matrix consists totally of the

1 3’
electron-dense cortical condensation and contains organelles in a wide
variety of changes generally associated with holocrine-like deterioration
phases.

Within the hyaloplasm of cell processes and cells associated
with the holocrine-like secretory phases, electron-dense structures occur
(Figure 29). 1In terms of density and size, two types of structures can
be distinguished. One type consists of large, very electron-dense,
spherical bodies occurring in a random distribution. The second type is
smaller, less electron-dense spherical bodies which usually appear in
ordered rows. Neither of the two are associated with observable mem-
branous structures. High resolution micrographs .(Figures 30 through 32)
indicate that the larger structures are precursors or aggregates of the
smaller structures. The size range of the smaller structures is from
129.2 A to 252.5 X with a mean value of 163.0 A. The large dense struc-
tures are quite variable in size and have measured as large as 402.4 A.

Within the structure of the dense bodies, corpuscular units
were observed. The corpuscular units were further comprised of a cable
or rope-like structure in a coiled configuration to form the corpuscular

units. The cable-like structure has a measurable diameter range of

24.2 & to 28.1 & with a mean value of 24.9 R. The simple corpuscular
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units possessing only one coil (2 cable diameters) around a central axis
measure from 55.0 A to 69.7 A with a mean value of 64.3 A. The more com-
plex corpuscular units consisting of more than two cable coils measure
from 78.6 A to 129.2 X with a mean value of 109.4 &.

A section through the long axis of one corpuscular unit (Figure
32) indicates the structure to be pear-shaped. The narrow segment of
the pear-shaped unit is 106 A long. Its cross-sectional diameter corre-
sponds to the small measurable corpuscular units. The bulbous portion
of the pear is approximately 140 ) long and corresponds in cross~section
to the larger corpuscular units. The total length of the pear-shaped
unit is approximately 246 K. Due to superimposition and various planes
of cut, the pear-shaped units are rarely discernible in sections through
the long axis.

The collagenic fibrils forming within the hyaloplasm (inter or
intracellular) appear to be undifferentiated. The periodicity measure-
ment is smaller than that of the differentiated fibrils. The average
periodicity measurement of the undifferentiated collagenic fibrils is
490.1 & (Figure 33, Figure 34). The conventional bands (a, b, ¢, d, and
e) within the macroperiod are not readily discernible.

Corpuscular units comprised of an internal cable-like structure
are present in the undifferentiated collagenic fibril (Figure 34). The
morphologic description and mean value measurements are essentially the
same as that described for the electron-dense structures of the cortical
hyaloplasm of cells in holocrine-like deterioration.

The differentiated collagenic fibrils in the fibrous zones of

the human connective tissue complex have a mean periodicity of 553.0 )1
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(Figure 35) with the conventional a, b, ¢, d, and e bands within the
structure of the macroperiod. The periodicity measurement is larger for
the differentiated fibrils than that measured for the undifferentiated
fibrils.

Corpuscular units are observed within the structure of the
fibril. The units exhibit a wide range of measurable distribution, from
52.2 A to 132.8 K. The corpuscular units have an internal structure
consisting of a cable or rope-like structure which is coiled around a
central axis to form the corpuscular units. The cable-~like structure
exhibited a mean diameter of 23.1 A. The simplest corpuscular unit is
comprised of a cable in one simple coil around a simple axis such that
the measurable corpuscular unit consists of 2 cable diameters plus the
electron~lucent central axis. These units measured from 52.2 A to 71.2
A with a mean value of 61.6 &. The more complex units contain more than
two cable diameters (more than two coils). These units measure from
84.6 A to 132.9 A with a mean value of 107.0 A.

On examining the interfibrillar matrix in areas of fully dif-
ferentiated collagenic fibrils it was noted that the fibers of the cyto-
skeleton were generally reduced in number or not observed at all.

The collagenic fibrils of the human connective tissue complexes
did not stain as readily as the collagenic fibers of connective tissue
samples from dogs or rats. The most suitable stain was a 1 per cent
aqueous phosphotungstic acid solution which at best gave very little

contrast to the human collagenic fibrils.



CHAPTER IV

DISCUSSION

General Shape and Ordering

The human fibrocollagenous tissue complex upon reclamation re-
flected the size and shape of the sterile dead space imposed upon the
superficial fascia by the induction device. The connective tissue com-
plex presented a lamellated pattern similar to the fibrous or outer peri-
ostinum and the dura mater (Knese and Knoop, 1961b). Similar results
have been reported using identical induction devices implanted in the
panniculus carnosus of experimental dogs' backs (Schilling, et al., 1959;
Schilling, et al., 1961; Richter, et al., 1964a; Richter, et al., 1964b;
Richter and Schilling, 1969). Comparable patterns were produced by tis-
sue complexes developing in other types of induction devices such as per-
forated methacrylate tubes and celluloid balls (Guyton, 1963), on the
luminal surface of dacron cylinders used as aortic grafts (Flory, et al.,
1962), or dacron cylinders suspended in the lumen of the aorta (0'Neal,
et al., 1964).

The above data indicate that the shape of the fibrocollagenous
tissue complex is regulated by the dimensions of the induction device.
The induction device and its implantation would serve as: 1) an irritant
initiating an inflammatory reaction, and 2) a substrate for the peripher-
ally invading connective tissue cells.

25



26

The factors perpetrating the lamellated ordering of the alter-
nating fibrous and cellular zones is at present an incompletely under-
stood process. The lamellated pattern is not peculiar to hollow induction
devices. Dr. J. Keyl and Dr. R. Bell (unpublished observations), Depart-
ment of Physiology, University of Oklahoma Medical Center, created a
lesion by inserting a balsawood splinter into the renal cortex of an ex-
perimental dog. The resulting fibrocollagenous tissue developed in
lamellated cones parallel to the long axis of the balsawood splinter with
the splinter serving as the central axis of the cones.

Other investigators have reported lamellations or have described
the lamellated ordering using methods other than mechanical induction
devices (Weiss and Ferris, 1956; Knese and Knoop, 1961lb; Movat and
Fernando, 1962; Hay and Revel, 1963).

The specific cellular and fibrous features characterizing the
lamellations per se correlated directly to the structural and functional
changes in the fibroblast during the synthesis of precursory collagenic
material, its accumulation in the cortical regions of the cell and the

organization and deposition in situ of overt collagenic fibrils.

Vascularity
The human connective tissue complexes are essentially avascular
as are the previously reported dog connective tissue complexes. Other
investigators employing different induction devices observed vasculari-
zation of connective tissue complexes. Guyton (1963) observed small re-
current vessels located peripherally in tissue induced in celluloid
balls. The perforation size used was 1.0 mm with approximately 200 holes

per ball. Florey, gg_gl., (1962) using knitted dacron cylinders of
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unknown hole size observed vascularization extending to a point near the
lumen of the developing tissue complex. At present, it appears that the
factors dealing with vascularization or the lack of it may not be refer-
able to the number or size of perforations in the induction device
(Richter and Schilling, 1969).

In view of the avascularity of the tissue complex, cell nutrient
supplies are probably dependent on properties such as hydrostatic pres-
sures, diffusion gradients, and osmotic pressures. Since the human tis-
sue complex develops as a closed system, diffusion through the intersti-
tial spaces would be a slow process. The cells more peripherally located
would, by position, have the advantage in securing nutrient materials
needed for specific activity. This would account for the formation of

the larger fibrous zones located near the lumen.

Cell-lined Tissue Fluid Spaces

The cell-lined tissue fluid spaces occurring in the peripheral
regions of the tissue complex have been observed in the dog connective
tissue complex (Schilling, et al., 1959; Schilling, et al., 1961;
Richter, et al., 1964a, 1964b; Richter and Schilling, 1969). At present
the processes involved in the development or the function of these cord-
like columns of cells are unknown. The structures seem to correlate to
the small closed columns of endothelial cells and fibroblasts reported
by Wolbach (1933) while studying fibrillogenesis in normal and scorbutic
guinea pigs at the light microscopic level. The author reiterates that
the cells with an endothelial appearance at the light microscopic level

in this study are identified as fibroblasts at the ultrastructural level.



28

Fibrous Components

In establishing the fibrous component of the human connective
tissue complex, collagenic fibers were the only demonstrable fibers pre-
sent. Elastic fibers could not be demonstrated by either differential
staining at the light microscopic level or by direct observation at the
electron microscopic level.

An argyrophilic component was observed and interpreted to be
immature collagenic fibrils (Figure 9, Figure 14). Argyrophilia has
been reported to characterize both immature collagenic fibrils and re-
ticular fibrils (Foot, 1925, 1927; Mallory and Parker, 1927; Maximow,
1928; Wolbach, 1933; Williams, 1957; Bairati, et al., 1964). The chemi-
cal nature has been reported to be the same for collagen and reticulin
(Robb-Smith, 1945; Tomlin, 1953; Berrens and Vanadriel, 1962). Fibril
argyrophilia has been reported to be associated with small immature
collagenic fibrils which are acid or neutral salt soluable (Harkness,
et al., 1954; Windrum, et al., 1955; Jackson, 1957). These small thin
collagenic fibrils are prevalent in developing connective tissue (Gross,
1950) and Dumphy and Udupa (1955) have shown that with an increase of
demonstrable differentiated collagen, there is a subsequent decrease in
argyrophilic fibrils. Argyrophilic fibers have been obzerved and re-
ported in the fibrocollagenous tissue complex induced in the dog
(Schilling, et al., 1961, Richter and Schilling, 1969).

The reported observations concerning f£ibril argyrophilia and
electron microscopic observations are consistent with the author's ob-
servations. The small argyrophilic fibers at the periphery of the cell

cytoplasm in Figure 9 are referable to the undifferentiated collagenic
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fiber on the periphery of the cell in Figure 1l4. As the distance from
the cell periphery widens, the fibers differentiate and loose their
argyrophilic character.

The negative periodic acid Schiff (PAS) stain reaction is in-
completely understood. A positive PAS reaction was reported by Schilling,
et al., (1959), Schilling, et al., (1961). and Richter and Schilling
(1969). At present biochemical assays are being performed on the human
connective tissue complex. While the data is not complete, the presence
of acid and neutral mucopolysaccharides is indicated. A loss of muco-
polysaccharides or the chemical masking of their reacting groups is sug-

gested.

Cell Types Observed

Fibroblasts in the Cellular Areas

The predominant cell type of the human connective tissue complex
is the fibroblast. In the cellular zones the fibroblasts are generally
of a normal healthy active appearance (Figures &4, 10, 14). Their struc-
tural features conform to those generally described for this cell in
various experimental animals (Hansen, 1899; Mall, 1901-1902; Mallory,
1903-1904; Karrer, 1958; Yardley, et al., 1960; Peach, et al., 1961;
Barton, 1962; Chapmen, 1962; Porter, 1964; Biarati, et al., 1964), in
the fibrocollagenous tissue complex induced in experimental dogs
(Schilling, et al., 1959; Schilling, et al., 1961; Richter, et al., 1964a,
1964b; Richter and Schilling, 1969), and in the human subject (Ross and
Odland, 1968).

The fibroblasts of the cellular areas are observed to exhibit
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apocrine-like cyclic phases of fibrillogenesis. The apocrine-like phases
of fibrillogenesis have been observed in the fibroblast by other investi-
gators (Porter and Pappas, 1959; Yardley, et al., 1960; Godman and Porter,
1960; Chapman, 1961, 1962; Richter, et al., 1964a, 1964b; Richter and
Schilling, 1969) or are directly observable in recorded electron micro-
graphs of other investigators (Porter and Vanamee, 1949; Jackson and
Smith, 1957; Bradbury and Meek, 1958; Knese and Knoop, 196la; Peach,
et al., 1961; Ross and Benditt, 1961, 1962; Hay, 1961; Revel and Hay,
1963b; Ross and Odland, 1968; and in many other micrographs in the litera-
ture). It is the author's observation that in almost every report in the
literature utilizing ultrastructural studies on the development of fi-
brous connective tissue in the healing wound or cells concerned with
fibrillogenesis, some phase of the apocrine-like secretory process is

observed.

Fibroblasts in the Fibrous Zones

The fibroblasts located in the fibrous zones (Figures 11, 24,
25, 26) are characterisitc of cells undergoing cytodestruction or wasting,
and as observed, contribute the major amount of fibrillar material to the
fibrocollagenous tissue complex in a holocrine-like deterioration
(Richter, 1969). This final holocrine-like deterioration of the fibro-
blast in fibrillogenesis has been suggested (Wasserman, 1954; Knese and
Knoop, 196lb; Porter, 1964; Richter, et al., 1964a, 1964b; Richter and
Schilling, 1969), and is observable in recorded electron micrographs
(Jackson and Smith, 1957; Hay, 1958; Zelander, 1959; Silberberg, et al.,

1961; Peach, et al., 1961; Barton, 1962; Movatt and Fernando, 1962).
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Fibrillogenesis

As mentioned previously in the introduction, the early investi-
gators (Hansen, 1899; Mall, 1901-1902; Mallory, 1903-1904; Studnicka,
1903, 1907; Lewis, 1917) using light microscopes, differential connective
tissue stains, and simple biochemical extraction methods described fi-
brillogenesis to be related to specific cell changes. The visualized
changes, primarily described by Hansen (1899), have been summarized and
reiterated by Richter (1969). The gist of this is as follows: It was
visualized that the source of collagenic fibrils or precursory fibrillar
material is the specific connective tissue cell (fibroblast, osteoblast,
or chondroblast). The specific collagen producing cell is internally
ordered into an endoplasmic mass and an exoplasmic mass which is of
variable thickness from area to area within the cell or may be absent
within various areas of the same cell. Overt collagenic fibrils form
in the cortical exoplasm from precursory collagenic material with the
exoplasm being concurrently converted into the intercellular substance,
including the ground substance, and the overt collagenic fibrils. This
sequence is followed by the continual transformation of endoplasm. At
this point, the cell may repeat the sequence or the cell may enter the
holocrine-like deterioration phases. The endoplasm as well as the exo-
plasm begins to degenerate releasing chondromucoids, albuminoids, or
converting directly into that which is destined to become the intercellu-
lar substance including the ground substance and overt collagenic fibrils.
The degenerating cells are eventually reduced to cytoplasmic remnants
between the fibrils and small nuclear masses which gradually waste away.

The fibrils widely separated from the decorticated cells undergoing
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cytodestruction continue to develop and differentiate without the speci-
fic conversion of endoplasm into exoplasm.

On examining the above sequence of events, it is noted that
fibrillogenesis is a continuous developmental process leading from fibro-
blastic differentiation to cytodestruction. Further, the apocrine-like
phases of fibrillogenesis blend into holocrine-like deterioration with-
out a break in continuity. It is noted that Figures 10, 14, and 15 are
descriptive of fibroblasts in apocrine-like fibrillogenesis and Figures
11, 24, 25, 26, and 27 are indicative of the final holocrine-like de-

terioration role of the fibroblast.

Other Cell Types Present

While the predominant cell of the human fibrocollagenous tissue
complex is the fibroblast, other cell types such as lymphocytes, eosino-
philes, foamy histiocytes, and foreign body giant cells were observed in
the peripheral region of the tissue complexes. These cells were not ob-
served in the identical fibrocollagenous tissue model induced in the
dog (Schilling, et al., 1959; Schilling, et al., 1961).

The occurrence of these cells suggests a condition of chronic
inflammation (Muir, 1964). In review and comparison of implantation
procedures concerning the human and the dog, the induction device was
implanted in the panniculus carnosus of the dog's back. In this position
the animal was not likely to disturb the implanted device or the immedi-
ate area of skin covering the device. In the human volunteers, the in-
duction devices were implanted in the superficial fascia of the upper
right abdominal quadrant. In this position, the induction device is

subject to disturbance due to 1) normal everyday movements which require
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a bending or stretching of the trunk region, 2) the wearing of items of
clothing such as a belt, or 3) the inadvertent scratching or rubbing of
an area of irritation by the experimental subject. Further, these cells
may not have been observed in the dog connective tissue complexes since
primary emphasis was placed on the high degree of lamellated ordering
in the mid-region rather than the peripheral region near the internal

surface of the inducing wire.

Fibroblast Fine Structure

Nuclear Bodies

Small ordered structures within the nucleus termed nuclear
bodies by Weber and Frommes (1963) have been reported in various animal,
plant, and insect nuclei (Weber and Frommes, 1963; Nicander, 1964;
Stevens, 1965; Lafontaine, 1965; Brooks and Siegel, 1967; Bouteille,
et al., 1967; Krishan, et al., 1967; Popoff and Stewart, 1968). Nuclear
bodies were reported in thymus gland fibroblasts by Henry and Petts
(1969).

Based on histochemical studies and enzymatic digestion, nuclear
bodies do not contain DNA or RNA but may be composed of proteins and
histones (Nicander, 1964; Krishan, et al., 1967). The functional signi-
ficance of the nuclear bodies is unknown; however, they are suggested to
be associated with nuclear hyperactivity and protein synthesis (Popoff
and Stewart, 1968; Bouteille, 1967; Henry and Petts, 1969).

The nuclear bodies (Figure 16 through Figure 21) in fibroblasts
of the human connective tissue complexes correspond to the Type I, Type

11, and Type III nuclear bodies described by Bouteille, et al., (1967),
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the Type I and Type II nuclear bodies described by Popoff and Stewart
(1968), and the simple type nuclear bodies described by Henry and Petts
(1969).

The fibroblasts in apocrine-like phases of fibrillogenesis and
the less active fibroblasts of the peripheral region have a high frequency
of observed nuclear bodies such that the author is of the opinion that
they are a normal nuclear complement of these cells. Cells in holocrine-
like deterioration rarely have observable nuclear bodies. After review-
ing the literature, this investigation represents the second reported

observation of nuclear bodies occurring in fibroblasts.

Mitochondria
The mitochondrial changes observed were highly variable. These
changes were noted by Richter and Schilling (1969) and a similar varia-
tion was observed in secretory cells other than fibroblasts (Dugan,
1970). The variation in the fine structure of the mitochﬁndria is in-
completely understood. It does not seem to relate to the cell secretory
cycle uniformily but seems to relate to the individual activity of each

mitochondrion independently.

Cytoplasmic Fibers
Fine fibers were observed in the general fibroblast cytoplasm,
in the hypertrophied cell cortex and associated with collagenic fibrils
in various stages of differentiationm.
These fine cytoplasmic fibers comprising a cortical cytoskeleton
(Figure 22 and Figure 23) are visualized by the author as being separate

structural entities from the collagenic fibrils to which they are in
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close contact. The origin, function, and fate of these fibers is un-
known. As such, their presence is simply recorded. This approach is
shared by other investigators (Wasserman, 1954; Jackson, 1957; Zelander,
1959; Yardley, 1961; Lowther, et al., 1961; Peach, et al., 1961; Chapman,
1961; Knese and Knoop, 196la; Ross and Benditt, 1961, 1962a; Chapman,
1961, 1962; Fernando and Movat, 1963; Karasaki, 1964; Ross and Odland,
1968). The cytoskeletal fibers have been suggested by some investigators
to be primary or protofibrils upon or around which tropocollagen mole-
cules polymerize to form the overt collagenic fibril (Porter and Vanamee,
1949; Peters, 1956; Porter and Pappas, 1959; Godman and Porter, 1960;
Silberberg, et al., 1961; Porter, 1964). While the close relationship
of the cytoskeletal fibers suggests a possible function as an organizer
or initiator of polymerization, the cytoskeletal fibers exist and main-
tain a close relationship to the differentiated fibril as well as the
undifferentiated fibril. Other investigators relate the cytoskeletal
fibers to a cytoskeleton or cytoplasmic reticulum (Wasserman, 1954;
Peters, 1956; Hay, 1961; Revel and Hay, 1963a; Richter, et al., 1964a,
1964b; Richter and Schilling, 1969; Fernando, et al., 1964).

The cytoskeletal fibers in the cytoplasm (Figure 21) do bear an
extremely close relationship to nuclear membranes, membranes of the endo-
plasmic reticulum, and the plasma membrane. Richter and Schilling (1969)
have suggested that the fibrous cytoskeleton may be continuous with or
comprise a part of the plasma and nuclear membranes. The fiber's orien-
tation with the plasma membrane lends evidence to their existence as a
cytoskeleton. Due to the cytoskeletal fiber's staining qualities they

may be made of a structural protein. Further, their ability to exist



36
both intra- and intercellularly and their observed existence from con-
densation in the cortex to their continued association with collagenic
fibrils through differentiation of the native fibril alludes to the
stability of these fibers.

In considering the cytoskeletal fibers as a whole, they are
composed of a relatively stable substance, probably protein. Their
ordered condensation in the cortical hyaloplasm would maintain or give
support to the structural stability of the membranous components of the
cell, particularly the cell surface. Further, with the loss of the
plasma membrane during the various phaées of fibrillogenesis the con-
densed cortical cytoskeletal fibers and the electron-dense hyaloplasm
would possibly serve as a semi-permeable membrane maintaining the cell's
integrity. The close apposition to the organizing and fully differen-
tiated collagenic fibrils would suggest a possible role as an organizer
or initiator of polymerization of the tropocollagen units; however, there
is no evidence that the cytoskeletal fibrils are incorporated into the

collagenic fibril.

Endoplasmic Reticulum and Ribosomes

The active fibroblasts of the cellular zone are described as
having an extensive rough endoplasmic reticulum (Figure 14). The baso-
philia observed at the light microscopic level and the well developed
rough endoplasmic reticulum are suggested to be related, and indicative
of protein synthesis (Porter, 1953; Porter, 1954; Jackson, 1957:
Karasaki, 1964; Louisot, et al., 1967). Specifically, in the fibroblast
the rough endoplasmic reticulum or the polysome formations are suggested

to be related primarily to the synthesis of collagenic material (Karrer,
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1960; Knese and Knoop, 196la; Lowther, et al., 1961; Revel and Hay,
1963b; Goldberg and Green, 1964; Manner, et al., 1967; Papaconstantinou,
1967; Welsh and Meyer, 1967). |

The structure of the endoplasmic reticulum is variable and with-
in the limits of the same cell. The variation noted ranges from a well
developed rough endoplasmic reticulum to free ribosomes with the endo-
plasmic reticulum occurring as small vesicles with or without attached
ribosomes. As the density of the hyaloplasm changes, the character of
the endoplasmic reticulum also changes. This is readily demonstrated by
comparing the nature of the endoplasmic reticulum in the endoplasmic
mass to the endoplasmic reticulum or its remnants thereof in an area of
hypertrophied cortical hyaloplasm. Various other investigators have ob-
served this variation in structure on the concurrent changes of the
hyaloplasm and the endoplasmic reticulum (Yardley, 1961; Moore and
Schenberg, 1960; Chapman, 1961; Hay, 1961; Peach, et al., 1961; Ross and
Benditt, 1961, 1962a, 1962b; Knese and Knoop, 196la; Goldberg and Green,
1964; Ross and Odland, 1968; Richter and Schilling, 1969).

Based on electron microscopic autoradiographic studies (Revel
and Hay, 1963a; Ross, 1965) precursory collagenic material was synthe-
sized by the endoplasmic’reticulum and subsequently attached to the endo-
plasmic reticulum and Golgi apparatus. Several investigators have re-
ported accumulations of precursory material in the Golgi membranes and
endoplasmic reticulum with subsequent fusion of these membranes with the
plasma membrane effecting a merocrine-like secretory function (Karrer,
1960; Hay, 1961; Revel and Hay, 1963a, 1963b; Goldberg and Green, 1964).

At no time has the author's work suggested a merocrine-like
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secretory function and reviews of the literature by other investigators
are consistent with this view (Porter, 1964; Richter and Schilling, 1969).

The literature and observations indicate the synthesis of pre-
cursory collagenic material within the endoplasmic area is associated
with the ribosomes and membranes of the endoplasmic reticulum. This
precursory material is subsequently accumulated peripherally in the
hyaloplasm. The accumulation is either local or throughout the cell
surface during the apocrine-like phases of fibrillogenesis or in the
endoplasmic mass in the holocrine-like phases. This is followed by the
conversion of these areas into the observed electron-dense cortical
hyaloplasm (Hansen, 1899; Sterns, 1940a, 1940b; Hay, 1958; Jackson, 1957;
Yardley, 1961; Chapman, 1961, 1962; Knese and Knoop, 1961b; Porter, 1964;

Richter and Schilling, 1969).

The Hyaloplasm

The hyaloplasm is observed to be of variable density. During
the apocrine-like phases of fibrillogenesis (Figure 14, Figure 15), the
hyaloplasm appears as electron-lucent endoplasmic masses and localized
hypertrophied masses of eléctron—dense cortical hyaloplasm. During the
holocrine-like deterioration phases, the electron—-dense cortical hyalo-
plasmic mass is hypertrophied to the point that only scant perinuclear
endoplasmic masses are observed. The localized cytoplasmic hypertrophy
in the apocrine-like phases and the massive general hypertrophy in the
holocrine-like phases of fibrillogenesis are due in part to the accumu-
lation of precursory collagenic material in the cytoplasm.

With the disappearance of the plasma membrane undifferentiated

collagenic fibrils begin to organize directly from precursory collagenic
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material, presumably the basic molecular collagenic unit, tropocollagen
(Jackson, 1957; Ross, 1968) contained in the cortical hyaloplasm
(Richter, et al., 1964a, 1964b; Richter and Schilling, 1969). As pre-
viously observed, the cell surface in these areas now consists of the
electron-dense cortical hyaloplasm, the condensed fibers of the cyto-
skeleton, and organizing collagenic fibrils. The reestablishment of the
plasma membrane in the apocrine-like phases or the further regression of
the cytoplasm in the holocrine-like phases deposits the respective dense
cortical hyaloplasmic masses in situ intercellularly.

The undifferentiated fibrils continue to grow and differentiate
by incorporation of precursory collagenic material present in the now
"intercellular hyaloplasm." The intercellular hyaloplasm would properly
be termed the intercellular matrix or, not including the collagenic fi-
brils and cytoskeletal fibers, the ground substance. The actual amount
of hyaloplasm retained as ground substance is unknown but it is suggested
that the specific connective tissue cells (fibroblast, chondroblast, and
osteoblast) do form the ground substance (Gersh and Catchpole, 1949).

Within the "intercellular hyaloplasm" far distant from cells,
overt collagenic fibrils continue to form and differentiate indicating
that precursory collagenic material is present in the "intercellular
matrix".

These sequences or various portions of the sequences involving
the apocrine-like or holocrine-like phases of fibrillogenesis have been
observed or reported by many investigators and are referenced in the
discussion of the apocrine-like and holocrine-like phases. The above

sequences demonstrate both the intercellular and intracellular formation
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of collagen, It is therefore suggested that the proponments of either
theory would be essentially correct. Further, the ground substance or
that portion of the ground substance formed from the hyaloplasm and the
collagenic fibrils are deposited in situ. These observations are con-
firmed by Karrer, (1958), Porter, (1964), Richter, et al., (1964a, 1964b),
and Richter and Schilling, (1969).

The broad concept that fibroblast contact is essential to
fibrillogenesis is indicated by this investigation. The exact nature of
fibroblast contact is not established or defined by previous investiga-
tors. It is suggested by the author that the synthesis of precursory
collagenic material within the fibroblast, the accumulation of this ma-
terial, its polymerization, and the deposition in situ of overt colla-
genic fibrils in either the apocrine-like or holocrine-like secretory

processes should meet all the requirements of fibroblast contact.

Electron-dense Hyaloplasmic Structures

Within the hyaloplasm of some of the cells and cell processes
demonstrating holocrine-like phases of fibrillogenesis, small spherical
electron-dense structures were observed (Figure 29). These structures
were typed arbitrarily into two categories based on size and electron
density. The smaller less electron-dense structures are ordered in rows
which is comparable to the configuration of ribosomes attached to the
endoplasmic reticulum. The larger, highly electron-dense structures
are randomly arranged in the cytoplasm. Neither of the structures is
associated with discernible membranes.

It should be noted that these electron-dense structures were

not observed in fibroblasts in the apocrine-like phases of fibrillogenesis
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nor were they observed in all cells or cell processes undergoing holo-
crine-like deterioration.

Both the large and the small electron—~dense structures are com-
posed of pear-shaped units (Figures 30, 31, 32, 34). The pear-shaped
unit's configuration is the reflection of an internal asymmetrically
coiled cable or rope-like structure which has a mean diameter of 24.9 A.
The total measurement of the pear in the long axis is approximately 246
A. The narrow segment measures 106 A in the long axis with a mean dia-
meter of 64.2 A. The bulbous segment measures approximately 140 & with
a mean diameter of 109.3 4.

In Figure 34, a large electron-dense structure, an organizing
collagenic fibril and the hyaloplasm contains cross-sectional views of
the pear-shaped units. Further, cross-sectional views of pear-shaped
units are demonstrated in a differentiated collagenic fibril (Figure 35).

A structure of this approximate size and shape has been observed
in native collagen fibrils in dog fibrocollagenous tissue and is sug-
gested to be the basic molecular unit comprising the native collagenic
fibril, the tropocollagen molecule (Richter, et al., 1966; Richter and
Schilling, 1969, 1970). The reported mean dimensions are as follows:

1) a long axis length of 263 Z, 2) a cable diameter of 22.9 K, 3) a long
axis length of the narrow segment if 119 A with the mean cross-sectional

diameter of 57.2 2, and 4) the long axis length of the bulbous segment

is 145 & with a mean cross-sectional diameter of 108.1 A. These reported
observations are compatible with the author's findings.

In reviewing the literature, there are no descriptions or elec-

tron microscopic visual recordings of the specific electron-dense
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structures observed by the author. Further, there has been no direct
visual demonstration of the pear-shaped structures within the cell cyto-
plasm.

The observations of the suggested tropocollagen molecules in
the hyaloplasm lends visual evidence to the previously suggested accumu-
lation of precursory collagenic material in the cytoplasm. The discern-
ible presence of these pear—shaged structures in both the organizing
fibril and the differentiated fibril is evidence that the collagen fibril
is composed of these basic units. Their method of incorporation and
organization within the £fibril is unknown at this time and serves as a

basis for further investigation.



CHAPTER V

SUMMARY

The growth, development, and cellular activity of specially in-
duced fibrocollagenous tissue complexes in humans have been studied
during the time course of fibroplasia utilizing both light and electron
microscopic procedures.

The developed fibrocollagenous tissue complexes reflects the
essential size and shape of the induction device. Tissue complexes re-
trieved after two to three weeks of development consists primarily of
fibroblasts. The tissue complexes reclaimed after four to sixteen weeks
of development demonstrates ordered lamellations consisting of zones
composed predominantly of fibroblasts or zones consisting primarily of
collagenous fibers. The development of the lamellations is referable to
the specific fibrillogenic activities by the constituent fibroblasts.

The sequence of the morphological aspects of fibrillogenesis
occurring in the cellular zones is indicative of an initial apocrine-
like role by the fibroblast. Continued fibrillogenesis by the fibroblast
eventually terminates in a holocrine-like role resulting in cytodestruc-
tion and concurrent formation of a predominantly collagenic fibrous zone.

Fibroblasts active in fibrillogenesis exhibit sequential changes
in the cytoplasm involving hypertrophy of the hyaloplasm either locally
in the apocrine-like role or generally in the holocrine-like role. The
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hypertrophy is presumably due to the accumulation of precursory colla-
genic material within the hyaloplasm. Subsequently, the plasma membrane
disappears either locally or generally and overt collagenic fibrils form
in the hypertrophied hyaloplasm.

The plasma membrane reforms internal to the hypertrophied
hyaloplasmic mass in the apocrine-~like function depositing the organizing
collagenic fibrils and the hyaloplasmic mass extracellularly. The plasma
membrane is not reformed in the holocrine-like function. The deposition
of hyaloplasm and organizing fibrils is continuous as the cell terminates
itself by cytodestruction. The organizing collagenic fibrils continue
to grow and differentiate intercellularly presumably by the incorporation
of precursory collagenic material in the interfibrillar hyaloplasm.

The organizing collagenic fibrils are related to argyrophilic
fibrils supporting the concept that certain reticular fibers are colla-
genic in nature. The morphological aspects of fibrillogenesis supports
the concept that the fibroblast functions in the synthesis and organiza-
tion of collagenic fibrils. Further, both the intra- and intercullular
concepts of fibrillogenesis is elucidated.

The structural relationship of the hypertrophic fibroblast cyto-
plasm and the emerging collagen fibrils supports and extends the broad
concept that fibroblast contact is essential to fibrillogenesis.

Light and electron microscopic studies of human fibrocollagenous
connective tissue complexes induced in vivo indicate that the formation
of the highly ordered connective tissue complex and the functional role
of the fibroblasts in fibrillogenesis are fundamentally the same as in

those induced in the dog.
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FIGURE LEGEND

The figures are micrographs of induced human connective tissue
complexes representing 2, 3, 4, 8, 12, and 16 weeks of development.

The ligh micrographs were recorded with a Leica camera with a
Micro-Ibso unit in conjunction with an AO Spencer research microscope
using a Bausch and Lomb illuminator with a number 58 Wrattan filter, or
a Wild M Ka4 camera in conjunction with a Wild M20 research microscope
using a Number 8002 Wild daylight filter.

The electron micrographs were recorded with an RCA model
EMU-4A electron microscope.

The figures for reproduction are reduced 20 per cent from the

basic magnification indicated in the figure legends.

List.of Abbreviations

A, Al point designations

ay apocrine-like phase 1
a, apocrine-like phase 2
a, apocrine-like phase 3
a, apocrine-like phase 4
ar argyrophilic fibers
B, B1 point designations

c collagenic fibrils

cc cortical condensation



cd cable diameter

cf collagen fiber

cp cell process

cr common region of organizing collagenic fibrils

cu corpuscular unit

cy cell undergoing cytodestruction

de dilated cisternae

dh electron-dense hyaloplasm

dia. diameter

e endoplasm

F fibroblast

ff filamentous cytoskeletal fibers

fz fibrous zone

G Golgi complex

g granule

h1 holocrine-like deterioration phase 1

h2 holocrine-like deterioration phase 2

h3 holocrine-like déterioration phase 3

1 localized region of organizing collagenic
fibrils

1r luminal region

1s large electron-dense structure

m mitochondrion

Mp macroperiod

mr mid-region

N nucleus



nb

np

ob

pr

rer
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ts

nuclear body

nuclear pore

osmiophilic zone
osmiophobic zone

peripheral region

row 1

row 2

row 3

rough endoplasmic reticulum
small electron~dense structure
tissue fluld space

magnification
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Figure 1--A 1l2-week-old osmicated fibrocollagenous tissue com~
plex cut free-hand exhibits cylindrical conformity to the induction de-
vice. The osmiophilic (o) and osmiophobic (ob) zones impart a lamel-
lated appearance to the tissue complex. The osmiophobic zones measure
from 30 microns in width near the lumen to 110 microns in width near
the periphery. (Stained with osmium tetroxide, X22.8).

Figure 2--By 4 weeks of development, the fibrocollagenous tis-
sue complex has developed a luminal region (lr), a mid-region (mr), and
a peripheral region (pr). The peripheral region is predominantly cellu-
lar and exhibits cell-lined tissue fluid spaces (ts). The mid-region
consists of alternating fibrous zones and cellular zones. A minor amount
of hemmorhage which occurred during reclamation is evident in the lumi-
nal region. (Gomori's reticulum stain, X159.6).

Figure 3--A l2-week-old tissue complex demonstrates the cellu-
lar character of the luminal region (lr). Cell-lined tissue fluid
spaces are present in both the peripheral region and the cellular zones.
One fibrous zone (fz) is readily apparent, a second is developing adja-
cent to the luminal region. (Stained with Heidenhain's "Azan", X111.6).



TR RN N L AT
AR S

sk ORI

65



60

Figure 4--A healthy, active fibroblast of the peripheral region
adjacent to a fibrous zone of a l6-week-old tissue complex has demon-
strable collagen fibers associated with the cell surface. (Stained
with hematoxylin and eosin).

Figure 5--A fibroblast of a 4-week-old tissue complex fibrous
zone has a long attenuated configuration. The nucleus is spindle-shaped
and collagen fibers (cf) appear to blend with the scanty cell cytoplasm.
The collagen fibers range from very fine filamentous fibers to approxi-
mately 2.8 microns in diameter. (Stained with hematoxylin and eosin).

Figure 6--The nuclear configuration of fibroblasts in a fibrous
zone developed adjacent to the luminal region ranges from long spindle-
shaped nuclei with multiple nucleoli to remnants and fragments of cells
undergoing cytodestruction. The tissue complex is 1l6-weeks-old.
(Stained with hematoxylin and eosin).

Figure 7--Foamy histiocytes were observed in the peripheral
region of a l6-week-o0ld tissue complex. These cells were generally
found in clusters rather than occurring as single cells. (Stained with
hematoxylin and eosin).

Figure 8~-A foreign body giant cell observed in the peripheral
region of a 3~week-old tissue complex is indicative of the type observed
in other tissue complexes. (Stained with hematoxylin and eosin).

Figure 9~-A reticulum stain demonstrates argyrophilic fibers
(ar) blending with or in close apposition to the cell surface. The
differentiated collagen fibers (cf) did not exhibit argyrophilia. The
micrograph is of the peripheral region adjacent to a fibrous zone of a
12-week-o0ld tissue complex. (Stained with Gomori's reticulum stain).
Note: (The magnification of all figures is X1206).
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Figure 10--The peripheral region of the tissue complexes is
highly cellular with a small amount of collagenic fibrillar material
(cf). Cells of this region exhibit apocrine-like secretory deposition
of collagenic fibrils. The primary cell type identified for this region
is the structurally normal, healthy fibroblast (F). Some of the fibro-
blasts of this region possess a rough endoplasmic reticulum (rer) de-
limiting large dialated cisternae (dc). A cell-lined tissue fluid space
is located in the lower right corner of the micrograph. The tissue
complex is 8-weeks-old. (Stained with aqueous uranyl acetate and lead
citrate, X11,842).
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Figure 11--A fibrous zone of a 1l6-week-old tissue complex de-
monstrates a predominantly fibrous character. The electron-dense cyto-
plasmic processes (cp) and the fibroblast undergoing cytodestruction
(cy) are common to this zone. The vast amount of collagenic fibrils
taken as a whole comprise the osmiophobic zones of Figure 1. (Stained
with 1 per cent phosphotungstic acid, X13,176).
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Figure 12--A cell-lined tissue fluid space is positioned at the
junction of a cellular and fibrous zone. The fibroblasts immediately
lining the space structurally appear healthy and normal. The fibroblasts
peripherally located show changes associated with cytodestruction or
holocrine-like deterioration. The tissue fluid space is irregularly
shaped with small cytoplasmic projections extending into the fluid space.
This is a 16-weeks-0ld tissue complex. (Stained with uranyl acetate
and lead citrate, X15,552).

Figure 13--The fibroblasts lining the tissue fluid space (ts)
have a wide spectrum of organelle variation which .is generally in cells
in the apocrine-like phases of collagen deposition. Observe the close
apposition of the adjoining cell membranes, the electron-dense cortical
hyaloplasm (dh), and the stacked, flattened membranes .of the Golgi com-
plex (G). (Stained with uranyl acetate and lead citrate, X25,434).
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Figure 14-~A fibroblast of the cellular zone of an 8-week-old
tissue complex demonstrates the various cell surface changes related to
the apocrine-like cyclic phases of fibrillogenesis. In the first phase
(a,), the cell surface consists of an intact plasma membrane with little
or'no cortical hyaloplasmic zone. The second phase (ap) is characterized
by an intact plasma membrane and a cortical condensation consisting of
electron-dense cortical hyaloplasm and condensed cytoskeletal fibrils.
In the third phase (a3), the plasma membrane disrupts and the organiza-
tion of overt collagenic fibrils is observed in the cortical condensa-
tion. The plasma membrane is reestablished in the fourth phase (ay;)
internal to the cortical condensation and organizing collagenic fibrils.
With the excision of the region of organizing collagenic .fibrils and
the integrity of the plasma membrane renewed, the apocrine-like cycle
may recur.

The undifferentiated collagenic fibrils in .the established re-
gions of organizing fibrils as a whole correspond to the argyrophilic
fibers (ar) seen at the light microscopic level .(compare to Figure 9).
The regions of undifferentiated collagenic fibrils measure from .4
microns to 1.0 microns in this micrograph.

The endoplasm of the fibroblast has an abundant amount of rough
endoplasmic reticulum delimiting tubular cisternae. The nucleus contains
nuclear bodies (nb) and a single nucleolus. (Stained with a 1 per cent
aqueous uranyl acetate and lead citrate, X19,353).
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Figure 15--The deposition of collagenic fibrils in the apocrine-
like secretory phases is accomplished in such a manner as to form the
collagenic fibers seen at the light microscopic level.

In the third apocrine-like phase (a3) the cortical condensation
consisting of the electron-dense cortical hyaloplasm and the condensed
fibers of the cytoplasm establishes a localized region (1) of organizing
collagenic fibrils. With excision of this region by reestablishment of
the plasma membrane (apocrine-like phase a;)., the region of organization
becomes intercellular. As adjacent cells undergo the same process, the
homologous regions blend to form a common region of organization (cr).
The individual contributions to the common region .are unidentifiable.
This common region of organization would correspond to the intercellular
collagenic fibers seen in Figure 9. The tissue complex is 8-weeks-old.

Note: Apocrine-like phase (a;), mitochondria (m). (Stained
vith aqueous uranyl acetate and lead citrate, X33,726).
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Figure 16--Filamentous nuclear bodies (nb) are demonstrated in
a fibroblast of the cellular zone of an 8-week-old tissue complex. The
circular arranged, closely packed filaments measure from 39.3 £ to 72.0 &.
Note: Nuclear pore (np). (Stained with aqueous uranyl acetate and lead
citrate, X50,868).

Figure 17--A fibroblast of the .cellular zone of an 8-week-old
tissue complex contains a filamentous nuclear body with a clearly visable
granule (g). (Stained with aqueous uranyl acetate and lead citrate,
X62,100).

Figure 18--Four relatively dense granules are present in the
center of the circularly arranged filaments of the nuclear body. The
fibroblast is from the cellular .zone of .an.8-week-old tissue complex.
(Stained with aqueous uranyl acetate and lead citrate, X54,960).

Figure 19--The granules of a nuclear body of a 4-week-old
tissue complex fibroblast of the cellular zone are clustered, and the
filaments are not as closely packed as the filaments of Figure 16 and
Figure 17. (Stained with aqueous uranyl acetate and lead citrate,
X152,604).

Figure 20--The nuclear body of a cellular zone fibroblast of
a l6-week-old tissue complex contains -a large dense central body which
appears to be comprised of a condensation .of granules. (Stained with
aqueous uranyl acetate, phosphotungstic acid, and lead citrate, X55,954).

Figure 21--A nuclear body in a condensed .chromatin type nucleus
identified to be in the hy phase of holocrine-like deterioration. The
nuclear body exhibits a marked decrease in affinity for stain; however,
granules and filaments are still recognizable. . The fibroblast is from
a l2-week-old tissue complex. (Stained with aqueous uranyl acetate and
lead citrate, X76,464).
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Figure 22--A fibroblast in the apocrine-like phases of colla-
genic fibril depogition demonstrates the filamentous fibers (ff) of the
cytoplasm which comprise a cytoskeleton. The condensed fibers form a
part of the cortical condensation (cc) and with the emergence of overt
collagenic fibrils (cf), the fibers of the cytoskeleton maintain a close
relationship. In the excised cortical condensation, the fibers appear
as separate entities but are in close apposition to and ordered parallel
to the overt collagenic fibrils. The fibrils.measure f£rom 50 X to 90 &
in diameter. The fibroblast is from a cellular zone of an 8-week-old
tissue complex. (Stained with aqueous uranyl acetate and lead citrate,
X89,508).

Figure 23--The cytoskeletal fibers may be masked due to the
density of the cortical hyaloplasm. .A.fibroblast of a 12-week-old tis-
sue complex in holocrine-like deterioration demonstrates faintly dis-
cernible cytoskeletal fibers within the electron-dense hyaloplasm.
Extracellularly, the fibers (ff) are readily discernible as in Figure 22.
Note the variation in mitochondria (m) and the lack of nuclear membranes
delimiting the nucleus (N). (Stained with aqueous uranyl acetate and
lead citrate, X55,890).






76

Figure 24--A fibroblast from the junctional area between a
cellular zone and a fibrous zone demonstrates the early phases (h; and
hg) of the terminal holocrine-like deterioration. In the first phase
(hy) the plasma membrane is intact. The fibers of the cytoskeleton con-
dense in the cortical hyaloplasm and the cortical hyaloplasm becomes
electron-dense. This cortical condensation (cc) hypertrophies. The
plasma membrane disrupts (phase hp) and overt collagenic fibrils organize
in the cortical condensation. With continued hypertrophy, the cortical
condensation may extend to a juxtanuclear position.

In the cytoplasm of this cell, the organelles show various
changes. The mitochondria (m) contain a dense mitochondrial matrix.
The endoplasmic reticulum and Golgi complex are not in evidence. Ribo-
somes are free in the cytoplasm. The chromatin material is condensed
peripherally in the nucleus and the outer nuclear membrane is observable
as an occasional remnant. The tissue complex is l2-weeks-old. (Stained
with aqueous uranyl acetate and lead citrate, X26,281).
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Figure 25--A fibroblast at the junction of a cellular and fi-
brous zone of a 12-week-old tissue complex demonstrates the hy phase of
holocrine-like deterioration. Only scant remnants of the plasma membrane
remain. The cell surface is represented by the electron-dense cortical
condensation (cc) and organizing collagenic fibrils. The electron-dense
cortical hyaloplasm is greatly hypertrophied and extends in some areas
from the arbitrary cell surface to a juxtanuclear position. Small areas
of endoplasm (e) remain in which fragmented endoplasmic reticulum can be
seen along with highly modified mitochondria (m). In the nucleus, the
chromatin is becoming dense and clumped. The outer nuclear membrane
exists as only faintly visable remnants. (Stained with uranyl acetate
and lead citrate, X48,679).
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Figure 26--A fibrous zone of a 12-week-old tissue complex de-
monstrates the terminal or h3 phase of holocrine-like deterioration.
The fragmented cell demonstrated is in the terminal phase of cytodestruc-
tion (cy). Cytoplasmic extensions consisting of non-membrane bounded
electron-dense cortical condensation (cc) exist among the already formed
collagen fibrils (c). The cell extensions represent regions of organi-

zing collagenic fibrils. (Stained with aqueous uranyl acetate and lead
citrate, X7,764).
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Figure 27--With the .continued formation .of overt collagen fi-
brils and the concomitant regression of .the cytoplasm extensions demon-
strated in Figure 26, the electron-dense cortical.condensation (cc) is
reduced to scant remnants. The cortical condensation comes to reside
in an interfibrillar position in which collagenic fibrils continue to
organize and differentiate.

The established common regions of collagen deposition are
demonstrated. This common tract of. collagenic depousition would be de-
limited by a line between points A.to A; and B to Bj. The transverse
measurements of the common region, points A to B (1.6 microns) and Ay to
By (2.8 microns), roughly correspond to.the range of diameter measure-
ments of the collagenic fibers in Figure 5.

Notice the small attenuated cell process (cp) undergoing
holocrine-like deterioration. The tissue is from the fibrous zone of
a 12-week-old tissue complex. (Stained with aqueous uranyl acetate and
lead citrate, X46,035).
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Figure 28--A cell process extending into a fibrous zone demon-
strates changes related to the holocrine-like deterioration phases. The
cytoplasm consists wholely of electron-dense cortical hyaloplasm and
fibers of the cytoskeleton.

Note: Mitochondria (m), dense granule-like structures appear-
ing in the cytoplasm (1ls), holocrine-like phases (h; and hy). The fi-
brous zone is from a 1l2-week-old tissue complex. . (Stained with aqueous
uranyl acetate and lead citrate, X48,438).

Figure 29--A cell process demonstrates .holocrine-like deteriora-
tion, The cytoplasmic matrix consists of electron-dense hyaloplasm and
cytoskeletal fibers. Within the cytoplasm, two types of small, spheri-
cal, electron-dense structures are observed. . .The first type is a larger,
exceptionally dense structure.(ls).. The larger .dense structure has no
apparent organization in the cytoplasm and may occur as aggregates. The
second type is smaller and less electron-dense. The smaller structure
(ss) appears in ordered rows or free.in the cytoplasm. Neither struc-
ture has apparent membranes associated with .them. The tissue is from a
fibrous zone of a 1l2-week-old tissue complex. (Stained with aqueous
uranyl acetate and lead citrate, X99,403).
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Figure 30--Three ordered rows (Rl, Ry, R3) of the small electron-
dense structures (ss) described in Figure 29 are demonstrated. The small
structures are found to be comprised of circular or corpuscular units
(cu) of varying size; ranging from.53.1 & to 129.1 &. Internally the
corpuscular unit is comprised of a rope or cable-like structure which is
coiled around a central axis to form the corpuscular units. The mean
cable diameter (cd) is 24.9 k.

Figure 31--The larger electron-dense structures (ls) described
in Figure 29 appear to be aggregates of the small structures of Figure
30, and would therefore be dense aggregates of corpuscular units (cu).

Figure 32--A section through the long axis of a corpuscular
unit demonstrates the configuration to be pear-shaped. The total length
of the pear measures 246 £ in length. The limits of the lower bulbous
portion of the pear is not readily discernible due to superimposition
of adjacent structures; however, the lower portion measures approxi-
mately 140 k.

Note: Stained with aqueous uranyl acetate and lead citrate,
X1,780,380).
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Figure 33--Within the cytoplasm of a cell process in holocrine-
like deterioration a collagenic fibril (c) is organizing in the electron-
dense cortical hyaloplasm. The undifferentiated fibril demonstrates a
macroperiodicity (mp); however, the a, b, ¢, d, and e bands within the
macroperiod are not discernible as discrete entities. The mean macro-
period measurement for the immature fibrils was found to be 490.1 £.

The larger electron-dense structures (ls) described in Figure
29 and Figure 31 are present. Their incorporation or relationship to
the organization of an overt fibril is incompletely understood at this
time. The cell process is in a fibrous .zone of a 12-week-old tissue
complex. (Stained with aqueous uranyl acetate and lead citrate,
X661,284).



68



90

Figure 34--The accumulation and organization of collagenic pre-
cursory material within the electron-dense cortical hyaloplasm is demon-—
strated by corpuscular units (cu) of varying size within the structure
of an immature collagenic f£ibril (c¢) and a .large electron-dense struc-
ture (1s) in a cell process undergoing holocrine-like deterioration.

The macroperiodicity of .the undifferentiated collagenic fibril
is obscure. The tissue is from the fibrous zone .0of a 12-week-old con-
nective tissue complex. (Stained with aqueous uranyl acetate and lead
citrate, X2,103,494).
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Figure 35--The differentiated collagenic fibrils of the fibrous
zone of a l6-week-old tissue complex demonstrate the periodicity assoc-
iated with collagenic fibrils. Within the macroperiod the conventional
a, b, ¢, d, and e bands are present. The length of the macroperiod
marked 1s 540.9 X. Corpuscular units (cu) of varying size (52.2 & to
132.8 A) are observed within the macroperiod. The corpuscular units
have an internal structure which is rope or cable-like. This cable-like
structure is coiled to form the corpuscular unit. The cable-like struc-
tures have a mean diameter of 23.1 A,

Note: Cable diameter (cd), bonds of the macroperiod (a, b, c,
d, and e). (Stained with 1 per cent aqueous phosphotungstic acid,
X1,053,000).
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