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Absrracr. Collagenolytic enzymes are produced by cul­
tured skin explants. During cultivation the acellular com­
partment of the dermal connective tissue is digested away. 
The ultrastructure of the connective tissue resorption has 
been studied in human skin maintained in organ culture for 
2-10 weeks. The connective tissue changes are: (I) Col­
lagen fibrils with normal axial periodicity but decreasing
diameters. On cross sections these fibrils have irregular
outlines, while the longitudinal sections show fibrils sepa­
rated into thin bundles of filaments 4�0 Å thick with
preserved normal axial periodicity. (2) Cross-banded
filamentous aggregations (CBFA) consisting of fine paral­
lel filaments 25 Å thick and without axial periodicity. The
CBFA has 350 Å thick bands at 525 Å intervals. At the end
of the cultivation, the CBFA are replaced by solitary fila•
ments 25 Å thick. (3) The elastic fibres show no marked
changes of the amorphous matrix, while the fibrils disap­
pear. The loss of collagen and elastic fibrils du ring cultiva­
tion of the skin gives direct evidence of cpnnective tissue
degradation. The described changes are discussed in rela­
tion to previous ultrastructural studies on connective tis­
sue resorption of various tissues.
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Connective tissue resorption in cultured human 
skin explants has not attracted much attention, 
although it has been known for the last 15 years that 
cultivated tissue fragments do produce collagenase 
( 14). Eisen et al. (7) demonstrated that medium 
obtained from cultures of human skin explants con­
tained collagenase activity. Three years later, Eisen 
et al. (10) found the presence in vivo of collagenase 
in human skin. Evidence has therefore been pre­
sented in favour of a degradation mechanism in 
skin. In a histological study, Weissmann & Fell (42) 
demonstrated that the intercellular collagen fibres 
of rat dermis were digested away during cultivation. 
With this knowledge in mind we expected fo find 
connective tissue resorption in human skin explants 
maintained in organ culture. 

Ultrastructural studies on connective tissue re­
sorption in skin explants have not been reported 
hitherto, and little is known of the fine structure of 
human connective tissue breakdown. Previous ul­
trastructural studies on connective tissue degra­
dation have so far been based on various animal 
modets, i.e. postpartum involution of the uterus (I, 
29), tadpole tail (41), carrageenin granuloma (30). 
and periodontal ligament (39). The aim of this 
work was to describe the ultrastructural changes of 
the acellular compartment of connective tissue as 
related to cultivation periods, whiJe the cellular col­
lagen fibril resorption will appear in a separate 
paper (18). 

MATERIALS AND METHODS 

Skin 

Split-thickncss skin graft5 from 20 healthy individual, 
were obtained from the De part ment of Plastic Surgery, 
Rigshospital, Copenhagen (Table I). The skin grafts were 
cut into I to 3 mm squares with a scalpel blade. The total 
number of explants studied wa; 384 (Table I). 

Culture procedure 

The medium was made up of Eagle's minimum essential 
medium with Earle's salts, and supplemented with 20% 
heat-inactivated fetal calf serum; 100 IU/ml penicillin.' 50 
µ,g/ml streptomycin,1 and 50 µ,g/ml gentamycin. 1 The pH 
was buffered at 7.4 with I M Hepes. 1 

The explants were placed with the dermal side down 
and pressed gently against the steel grid of a Falcon® 

organ culture dish. Four to eight explants were placed in 
each dish. Approx. 2 ml of fresh medium was added to 
each dish, just covering the top of the explants. The 
medium was changed twice a week. The cultures were 
placed in a humidified incubator (Ehret®) at 37°C ±0. 5°C 
and gassed with 5 % C02 in atmospheric air. The explants 
were harvested every day during the first week and every 
week during the following 2-10 weeks' cultivation period. 

1 GIBCO, Bio-cult. Glasgow. Scotland. 
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Table I. 

Cultivation 
Age Anatomic period Number of 
(y .) region (days) explants 

Female 

31 Mamma 19 16 
26 Mamma 21 16 
32 Mamma 21 16 
48 Mamma 21 16 
18 Mamma 21 16 
19 Mamma 21 16 
.53 Mamma 20 16 
43 Mamma 22 16 
26 Mamma 42 32 
29 Mamma 20 12 
28 Mamma 14 8 
39 Mamma 14 8 
27 Mamma 14 8 

46 Mamma 70 80 
61 Mamma 14 8 

Male 

42 Abdomen 28 12 
.54 Abdomen 36 20 
.59 Abdomen .50 32 

26 Face 49 24 
.58 Face 28 12 

Uncultivated skin pieces were taken as controls of each 
individual. 

The influence of the cultivation medium on non-viable 
explants was studied under identical conditions. Prior to 
cultivation, the control explants were frozen three times at 
-20°C and subsequently thawed at room temperature.

Bacteriological examination of the medium grown in
organ culture dishes <luring the cultivation period was 
repeatedly performed. Contaminated cultures were im­
mediately discarded. 

Electron microscopy 

The explants were fixed in 3 % glutaraldehyde in cacodyl­
ate buffer (pH=7.4) with 7.5% sucrose for one day and 
postfixed in I% osmium tetroxide for one hour. The 
specimens were dehydrated in an ethanol series of increas­
ing concentration and finally embedded in Epon 812. Sec­
tions were cut on Reichert and LKB ultramicrotomes for 
light and electron microscopy and stained witb 0.1 % to­
luidine blue and lead citrate plus uranyl acetate, respec­
t.ively. Special staining for electron microscopy was per­
formed on selected specimens. These stainings included 
the periodic acid silver proteinate method for glycopro­
teins (40) and the ruthenium red method for proteoglycans 
(25). The specimens were studied with a Siemens electron 
microscope (Elmiskop IA) with double condensors at 80 
kV. 

RESULTS 

Changes of the acellular compartment of the con­
nective tissue were found in cultivated explants 
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from all individuals. The changes were first noticed 
at the 3rd day of cultivation, thereafter gradually 
increasing in relation to the cultivation period. The 
connective tissue changes were most predominant 
in the upper part of dermis ( Fig. I a ). They were not 
evenly distributed. and frequently appeared focal 
(Fig. I a). In the deeper part, the changes mostly 
appeared around cellular structures, i.e. blood ves­
sels. nerves (Fig. 5a). and smooth muscles. All 
explants remained viable as judged by the presence 
of intact cells throughout the culture period. 

l. Collagen .fibrils

The collagen fibril changes are divided into two
groups. A and B. Although both types of collagen
fibril changes were seen in the same explants, type
A changes were the more predominant in short­
term cultivated explants, while type B disintegra­
tion was observed more frequently in long-term
explants.

Type A clwnge was native collagen fibrils with 
normal axial periodicity but reduced diameters. At 
the end of the cultivation period, most of the col­
lagen fibrils disappeared in the superficial part of 
corium (Fig. 4a). During explantation. a complete 
degradation of collagen fibrils appeared in some 
areas, whereas. in others. bundles of fibrils were 
still present (Fig. I a). Both normal and changed 
fibrils appeared in one and the same bundle. The 
diamete1·s of collagen fibrils dec1·eased during culti­
vation towards 150-300 Å from 550-650 Å (Figs. 
I c, 2 c). On cross sections, collagen fibrils with 
decreased diametP.rs frequently appeared with ir­
regular rnargins (Fig. 2c). On longitudinal sections 
the fibrils showed decreased thicknesses and ta­
pered ends (Fig. I b). At the ends, the collagen 
fibrils separated into fine bundles or filaments in a 
brush-like pattern (Fig. 2b). This filament separa­
tion also involved rather long segments of the native 
collagen fibril (Fig. 2a) on cross sections, appearing 
as irregular granular figures (Fig. 2 c ). 

The thin filaments were arranged in parallel 
straight bundJes with normal axial periodicity (Fig. 
2a). The individual filament was 40-80 Å thick and 
showed no distinct pe1·iodicity (Fig. 2a, b). 

The type B change was a cross-banded filamen­
tous aggregation (CBFA). The location was the 
same as the above-mentioned type A change. Na­
tive collagen fibrils in !arge areas of dermis were re­
placed by these banded structures (Fig. la, 4a). 

Altered native collagen fibrils frequently appeared 
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Fig. I. Skin explant cultivated for 2 weeks. (a) The col­
lagen fibrils have disappeared in che upper part of dermis 

(asterisk), while in the deeper part some collagen fibrils 

( C) are still present. The epidermal cells (EC) and der­
mo-epidermal junction (arrows) are preserved. x 13 950.

(b) The longitudinal section shows collagen fibrils with
varying thicknesses and tapered ends, while the axial 

periodicity appears normal. x55 800. (c) The cross section 
shows varying diameters of the collagen fibrils. x55 800. 
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Fig. 2. Collagen fibril changes on the 10th day of cultiva­tion. (a) The bundles of filaments I}) demonstrate a periodicity similar to that of collagen fibrils (arrows). x60000. (b) A brush-like filament separation is shown at 
in the vicinty of CBFA (Fig. 4b), When collagen fibrils were present, the long axis of CBFA was para!lel to them (Fig. 4b ). The ultrastructural mor­photogy of CBFA was very constant and was char­acterized by fine, mainly parallel filament-bundles with dense cross bands. The individual filament 
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a 

the ends of collagen fibrils ( C). x 60 000. ( c) On cross-sec­tion, the collagen fibrils appear with irregular margins 
(jramed arrows). Filament bundles are seen in the vicinity of collagen fibrils (arrows). x60 000. 
was about 25 Å across (ranging from 15 lo 40 Å). On an average, the electron-dense bands were 350 Å thick (ranging from 300 to 425 Å) and consisted of a network of criss-crossing filaments (Fig 4c). The width and the length of the CBF A varied con­siderably. Staining with ruthenium red showed no 
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Fig. 3. (a) The explant before cultivation (control) shows 
viable cells of epidermis (EC) and dermis (asterisks). The 
dermis is dominated by native collagen fibrils (C) and few 
elastic fibres (arrow). x4385. (b) A previously frozen and 
thawed explant (control) maintained in serum-enriched 
culture medium for 3 weeks shows no changes in intercel-

increased electron density at the bands, while the 

periodic acid silver proteinate staining revealed a 
slight positive reaction. 

The CBF A increased significantly <luring the 
cultivation period. After 3-10 weeks, there was an 
increase of solitary filaments, not arranged in bun­
dles, and devoid of periodicity (Fig. 4d). These 
filaments were randomly distributed, but were usu­
aJly found in the vicinity of CBF A. The solitary 
filaments had the same diameter as the individual 
filament of CBFA. Their length could not be de­
termined. After 6 weeks of cultivation, a complete 
replacement of collagen fibrils by the solitary fila­
ments appeared in the subepidermal part of the 
dennis (Fig. 4d). Between the sixth and the tenth 
week of cultivation, the thin filaments gradually 
disappeared, leaving cells and elastic f'ibres (Fig. 
6a). 

In the vicinity of peripheral nerves of one ex plant 
cultivated for 3 weeks, CBFA-like structures ap-

' ' 
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I 
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lular connective tissue, while the epidermal cells are total­
ly disintegrated (EC). Remnants of cell$ are pre$ent in 
dermis (asterisks). x4560. (c) Fourteen days of cultiva­
tion. Ln the upper part of dermis, collagen fibrils have 
disappeared and are replaced by CBFA (asterisks). The 
epidermal cells are viable (EC). x 11 400. 

peared with an altered morphology (Fig. 5a. h. c). 

The periodicity was larger, with an average of I 250 
Å (ranging from 750 to I 500 Å). The dense bands 
were 350 Å and the intervals were approximately 
920 Å. These structures were always seen in the 
perineurium and appeared spindle-shaped. The 
filaments of the spindle tended to fuse in the bands. 
Frequently, sub-banding of the dense bands was 
noted (Fig. Se). The individual filament had no 
periodicity and measured approximately 40--70 Å 
across (fig. Sb). 

Il. Elasticfibres 

The elastic fibres consisted of two components, viz. 
the amorphous matrix and the fibrils. The amor­
phous matrix showed no changes <luring the cultiva­
tion. The fibrils, however, both at the periphery and 
in the interstices of the matrix, decreased in number 
during the cultivation period (Fig. 6a, b). No in­
termediate changes of the morphology or size were 
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Fig. 4. Connective tissue changes after 3 weeks of cultiva­
tion. (a) The collagen fibrils are replaced by CBFA 
(asterisks). Larger magnifications are shown in (b) and 
(c). The dermo-epidermaljunction is preserved (arrows). 

x6460. (b) The long axis of the cross-banded filamentous 
aggregations is parallel to those of the collagen fibrils, 
while the periodicity is longer spaced. The filaments as 
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seen in (a) are also seen between CBFA (arrows). 

x57000. (c) The spacing of CBFA is 525 Å, while the 
thickness of the den se bands is 350 Å. The thi - kness of the 
filaments (arrows) is 25 Å on average. X228000. (d) After 
the sixth week of cultivation, the solitary filaments of 
CBFA are randomly distributed, and the CBFA gradually 
disappear. x28 500. 
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Fig. 5. (a) Perineural CBFA-like structures (urrows) are 
occasionally seen in the vicinity of Schwann cells (5) 
mixing with perineural collagen fibrils (pC). x 15000. (b) 

The spacing of the spindle-shaped structures is I 250 Å. 
x 120000. (c) Sub-banding ofthe dense bands is frequent­
ly present. x 120000. 
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Fig. 6. (a) After 8 weeks ofcultivation. a complete resorp­
tion of collagen fibrils is seen. Hence, the connective 
tissue consists of elastic fibres (E) and viable denna! cells 

found. The diameter was constant. approximately 
1�120 Å across. After 3-6 weeks, few microfibrils 
were apparent. After 8-10 weeks, an almost com­
plete disappearance of elastic microfibrils was 
noted. not only at the periphery but also within the 
interstices of the matrix. The predominant changes 
of the elastic fibres and collagen fibrils were found 
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(asterisks). x 15000. (b) The matrix of the elastic fibres 
�hows no changes, while the fibrils al the periphery gradu• 
ally disappear. x60000. 

in the same areas of the dermis. A relative increase 
in the amount of elastic fibres in relation to collagen 
fibrils occurred during the culture period. After 6 
weeks of cultivation, the subepidermal part of the 
dermal connective tissue consisted of elastic fibres 
and cells, while most collagen fibrils had disap­
peared (Fig. 6a). 
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IlI. Proteoglyca11s 

The proteoglycan figures. as demonstrated by ru­
thenium red stained filaments with knobs, gradually 
decreased during the cultivation. After 2-3 weeks, a 
complete absence of proteoglycan figures was 
noticed. 

CONTROLS 

Two groups of controls were studied, viz. (I) ex­
plants of each individual, fixed immediately before 
cultivation (Fig. 3a); and (2) frozen and thawed 
explants fixed before and after maintenance in 
identical culture media for sim ilar time periods (Fig. 
3b). No connective-tissue changes like those de­
scribed above were found in any of the controls. 

DISCUSSION 

The only previous ultrastructural study on human 
dem1is maintained in organ culture was performed 
by Sakany & Gaylarde in 1970 (34). These authors 
maintained skin explants for 3 days and found no 
changes in the connective tissue. However, the 
present work demonstrates significant changes in 
dermal connective tissue after long-term cultiva­
tion. The loss of native collagen fibrils in the upper 
part of dermis during cultivation gives direct evid­
ence of collagen degradation. The skin collagenase 
is known to be synthesized in the upper corium, 
while minimum amounts are produced by the epi­
dermis and lower dermis (8). These findings tally 
with the location of degenerative collagen fibril 
changes in our explants. Most collagenases have 
been isolated from small tissue fragments in serum­
free culture medium (15), because skin collagenase 
is inhibited by the a2-macroglobulin and a,-anti­
trypsin fractions of serum (9). However, in the pre­
sent experiments. the resorption of collagen fibrils 
was a consistent feature, despite the fact that 
serum-enriched medium was employed. Dingle et 
al., 1975 (5) reported that presence or absence of 
the a.-macroglobulin fraction of rabbit serum used 
for organ culture of cartilage tissue had no influence 
on the resorption of collagen. It has been suggested 
that the collagenolytic enzymes act only near the 
site of production, while the inhibitory effect of 
serum prevents their action at distant sites (9). 

During cultivation, a collagen fibril synthesis may 
take place, rendering the evaluation of the mor­
phologicaJ picture more complex. For synthesis 
of collagen fibrils. human fibroblast cultures require 

26-792805 

the presence of co-factors, viz. ascorbate, a­
ketoglutarate, ferrous ions and molecular oxygen 
( 11, 37). The medium used in the present study was 
not supplemented with ascorbic acid. hence re­
stricting the collagen fibril synthesis. Therefore, we 
conclude that the morphological changes of col­
lagen fibrils are mainly due to degradation. 

Collagen .fibril clu111ge A 

The present study revealed two different ultrastruc­
tural aspects of collagen fibril degradation. The 
first event was thinning of collagen fibrils probably 
due to filament separation. Similar morphological 
observations have been reported during resorption 
of connective tissue in skin carrageenin granuloma 
(30). The collagen fibril diameters vary considera­
bly both with individuals and with areas (44). The 
collagen fibril diameters of the cultivated skin ex­
plants were always compared with the control 
biopsies of each individual studied before cultiva­
tion. Hence, the decrease in the diameters was 
found to be significant. Thin collagen fibrils have 
been reported in fibroblast cultures (13), regenerat­
ing tendons (12), scleroderma skin (23, 33), and 
embryonal skin (24). In all those cases, the varying 
and usually thin collagen fibrils have been explained 
as newly formed collagen fibrils. However, similar 
changes have been reported in atrophic skin dis­
eases, i.e. lichen sclerosus et atrophicus (4), 
necrobiosis lipoidica diabeticorum (20), and 
acrodermatitis chronica (38). During resorption of 
connective tissue in tadpole tail, a decreasing col­
lagen fibril diameter also appeared (41). We con­
clude, therefore, that varying and decreasing 
diameters of collagen fibrils may be due to both 
connective tissue break-down and build-up, where­
as filamentous separation has been demonstrated 
only in degenerating collagen fibrils. 

Collagen fibril change B 

Banded filamentous structures with a morphology 
similar to CBFA have been seen in various normal 
tissue, although they are more frequent in path­
ological tissues (6, 16, 36). In pathological skin, 
the CB F A have been reported in generalized 
scleroderma ( 19), scleromyxedema (3), amyloidosis 
and skin cancer (16, 17), lepromatous granulomas 
(6), leishmania granulomas (35). mycosis fungoides 
(21), and granuloma annulare (2). 

In previous reports on nerve tissue, the CBFA­
like structures were spindle-shaped and had a long-
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spaced periodicity. They generally appeared in 
connection with the perineural collagen fibrils (6, 
36). Similar structures have been observed by us in 
cultivated skin, but only in the vicinity of peripheral 
nerves, and were regarded to be distinct from the 
ultrastructure of the CBFA. Both structures ap­
peared in our explants. Therefore. the morphology 
of perineural CBF A is not explained by any one 

particular method of preparation. Sun & White, 
1975 (36) also emphasized the apparent difference 
between the CBFA-like sturcture of nerve and 

those found elsewhere. 
It is generally suggested that the cross-banded 

filamentous aggregations represent fibrous long­
spacing (FLS) forms of collagen. This assumption is 
mainly based on the work of Luse et al., 1963 (26). 

In an abstract form, these authors reported that 
FLS collagen produced in virro was indistinguisha­
ble from the CBFA-like structures appearing in 
Schwann-cell tumours. However, the authors did 
not elaborate their results further. Recently, it has 
been shown that the periodicities of CBFA and FLS 
are different ( 16, 36). 

It has been suggested that CBFA may be related 
to increased amounts of acid mucopolysaccharides 
(3 I). This change in the environment may produce 
abnorma] linkage of the tropocollagen molecules. 
Accumulation of mucopolysaccharides at the bands 
of CBFA has been reported ( 16, 43), but this could 
not be reproduced in the present study. 

The CBFA appeared mainly in areas where na­
tive collagen fibrils were changed. The progressive 
decrease in number of intact native collagen fibrils 
and the proportional increase in CBF A during the 

cultivation period. suggest that the CBFA are re­
lated to the collagen degradation. The CBF A have 
been demonstrated in tissues known to produce 
both collagenase and non-specific proteases (17). 
Both collagenolytic enzymes obtained from cell 
culture medium and bacterial collagenase applied to 
fresh human skin also produced CBFA (22). Col­
lagen is degraded into small peptides by bacterial 
collagenase (27). Therefore, we suggest that CBFA 
may represent an intermediate product of en­
zymatically degraded collagen fibrils. 

Elustic fibres and proreoglycuns 

In the present study, few changes were found in 
elastic fibres. The disappearance of elastic fibrils at 
the end of the cultivation period may be a degrada­
tion phenomenon. Elastase dissolves only the 
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matrix of elastic fibres (22. 32). The elastic fibrils 
may be susceptible to digestion by proteolytic en­
zymes. Newman & Low, 1973 (28) reported that 
both elastic and collagen fibrils obtained from 
aldehyde-fixed tissue were digested by chymo­
trypsin at pH 7.8. However, trypsin was only 
slightly reactive to elastic fibrils, while the collagen 
fibrils were completely degraded. Enzymatic diges­

tion of fresh unfixed connective tissue at neutral pH 
demonstrated that trypsin influences neither col­
lagen nor elastic fibrils (22). The collagenolytic en­
zyme obtained from cell-culture medium and 
bacterial collagenase failed to digest both elastic 
matrix and fibrils of unfixed tissue (22). This is in 
accordance with the finding that collagenase-pro­
ducing squamous cell carcinoma of skin showed 
resorption of collagen fibrils, while the elastic 
fibres remained intact (17). However, the resorp­
tion of elastic fibrils of the skin explants cannot be 
correlated to any specific enzyme. 

Proteoglycan figures were seen less frequently 
<luring cultivation. Proteoglycan breakdown in 
cartilage organ culture explants, probably by 
lysosomal enzymes, has been reported by Dingle et 
al., (5). It may also take place in skin cultures. The 
decrease in proteoglycans may render the collagen 
fibril more susceptible to collagenase degradation. 

Co11trol explants 

Control studies on non-viable explants cultivated in 
similar medium for comparable periods demon­
strated that the reported findings are not a result of 
non-specific factors in the medium and environment 
(i.e. pH, temperature, ionic strength). They also 
demonstrated that the changes are dependent on the 
viability of cells, suggesting that the degrading en­
zymes are not stored within the cells, but are syn­
thesized de novo.
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