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Summary.  Addition of 1 mg/ml or higher doses of the highly sulfated pento- 
sanpolysulfoester SP54| or the mucopolysaccharidepolysulfoester Artepa- 
ron | to limb bud cultures f rom 11-day-old mouse embryos caused a marked 
reduction in the growth of the distal parts of  the cartilage anlagen. The 
most striking effect, however, was the change in the collagen structure of 
the cartilaginous intercellular substance. After more than 0.05 mg/ml SP54 | 
or Arteparon | no collagen filaments were seen but collagen aggregates with 
an altered cross-striation occurred. They were produced by an antiparallel 
arrangement of collagen molecules caused by the highly sulfated substances. 
By immunofluorescence microscopy it was shown that SP54 | and Artepa- 
ron | did not influence the distribution of the collagen types but only affected 
the aggregation of collagen type II. F rom the morphological  point of view 
the production of endogenous PG seemed to be uneffected by SP54 | and 
Arteparon | 

The effect of  SP54 | and Arteparon|  was reversible. After removal of 
these substances characteristic collagen filaments re-formed. The collagen 
aggregates were decomposed extracellularly or phagocytosed by chondro- 
blasts and decomposed intracellularly. 

Key words: Limb bud cultures (mouse) - Electron microscopy - Effect 
of  highly sulfated G A G  (SP54| and Arteparon| - Collagen structure 
- Cartilage pattern. 

Introduction 

Proteoglycans (PG) and glycosaminoglycans (GAG) have numerous biological 
functions (Ogston, 1970; Kimmig and Kreysel, 1973; Scott, 1975). During mor- 
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phogenesis they e.g. influence proliferation, differentiation, and migration 
processes (Lippman, 1968; Montagnier, 1971 ; Rubin, 1971 ; Toole, 1973; Toole 
and Gross, 1971 ; Toole et al., 1972; Nevo and Dorfman, 1972; Bernfield et al., 
1973; Kimata e~ al., 1973; Kosher et al., 1973; Hay and Meier, 1974; Huang, 
1974; Meier and Hay, 1974; Karp and Solursh, 1974; Kosher and Lash, 1975; 
Meier and Hay, 1975; Pratt et al., 1975; Slavkin and Greulich, 1975; Spooner 
and Conrad, 1975; Strudel, 1975, 1976; Wiebkin and Muir, 1975; Chiarugi 
and Vannuchi, 1976; Kosher, 1976; Reddi and Anderson, 1976; Schaffrath 
et al., 1976; Clowes and Karnowsky, 1977; Coupar and Chesterton, 1977; Seki 
and Oda, 1977). 

An other function of PG and GAG is based on their binding to collagen, 
which influences its aggregation during fibrillogenesis. In in vitro experiments 
it has been shown that PG and GAG are able to stimulate or inhibit the 
nucleation of tropocollagen molecules and thickness growth of fibrils (Jackson, 
1953 ; Wood, 1960 ; Keech, 1961 ; Mathews, 1965 ; Mathews and Decker, 1968 ; 
Toole and Lowther, 1968; Chapman and Armitage, 1972; Lowther and Natara- 
jan, 1972; Gelman and Blackwell, 1973; Obrink, 1973a, b; Nemeth-Csoka, 
1974; Ananthanarayanan and Nimni, 1975; Obrink et al., 1975; Oegema et al., 
1975; Franzblau et al., 1976; Toole, 1969, 1976; Anderson et al., 1977). The 
cross-striation pattern can also be changed by these substances (Ktihn, 1962; 
Kfihn and Zimmer, 1961; Kfihn et al., 1959, 1964). Contradictory results in 
such experiments are possibly due to variations in the collagen preparations 
used, or to the different time of application of PG and GAG during the phase 
of fibrillogenesis. 

Experimental treatment of these problems in vivo is impeded by the poor 
permeability of highly charged PG and GAG. The same it true of the investiga- 
tions on the effects of PG and GAG on mammalian embryos with a placental 
barrier. These difficulties can be avoided by using limb bud cultures into which 
PG and GAG penetrate (Merker et al., 1977). In limb bud cultures of day 
11 and 12 mouse embryos large amounts of collagen type I and II are produced 
(Barrach et al., 1975; Neubert et al., 1974) and from undifferentiated blastema 
a cartilage skeleton develops whose pattern largely corresponds to the in vivo 
picture (Merker, 1975). This model seems therefore to be suitable for the investi- 
gation of the influence of exogenically applied PG and GAG on the aggregation 
of collagen and the proliferation and differentiation of the cartilage anlagen. 

Preliminary studies have shown that the aggregation pattern of collagen 
is affected by the pentosanpolysulfoester SP54| (Merker et al., 1977). The aim 
of the present study is to investigate the structure of collagen after application 
of SP54| the dose-response relationship, the dependence of the duration of 
action, the effect of growth, differentiation and pattern formation of the cartilage 
skeleton in vitro and the reversibility of these effects. Another substance produc- 
ing similar effects is the mucopolysaccharidepolysulfoester Arteparon| which 
has been used for comparison. 

Materials and Methods 

Mouse embryos (strain NMRI) on gestation day 11 (42 to 45 somite pairs) were used. The upper 
limb buds were removed under sterile conditions and stored in HANK-BSS-medium (Aydelotte 
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and Kochhar, 1972; Neubert et al., 1974; Merker, 1975). The culture medium consisted of BGJ 
(Biggers et al., 1961) plus 25% fetal calf serum (Biocult Lab.) and 150 gg/ml L-ascorbic acid 
(MERCK). The limb buds were cultured in a Trowell-system (Trowell, i959). For this purpose 
they were placed on a membrane filter consisting of cellulose nitrate (Sartorius, pore width 12 gin) 
over an B-4A stainless steel grid. The gas phase in a gas-supplied incubator consisted of moistened 
air plus 5% carbon dioxide. The medium was changed every 3 days. 

The substances SP54 | (pentosanpolysulfoester, molecular weight 2,000 daltons), 3,8 SO~/disac- 
charide; Benechemie, M~nchen) and Arteparon| (mucopolysaccharidepolysulfoester, molecular 
weight 12,000 daltons, Luitpol&Werke, Mtinchen) were added in the first experimental series on 
day 1 or 2 in vitro and again on day 3 when the medium was changed. In the following series 
SP54| or Arteparon| were added only on days 1 to 3 or 4 to 6. The concentrations of SP54 | 
and Arteparon| amounted to 0.001 ; 0.005; 0.01 ; 0.05; 0.1 ; 0.5; 1.7; 3 or 4 mg/ml culture medium. 
The experimental groups and the control group without GAG consisted of 16 limb buds each. 

For the morphological investigations the limb buds were fixed on days 3,4,5, or 6 in a solution 
which contained 3% paraformaldehyde, 3% glutaraldehyde in 0.2 M cacodylate buffer pH 7.2 
and 0.5% ruthenium red. Postfixation was performed in 1% OsO 4 in cacodylate buffer pH 7.2 
with 0.5% ruthenium red. This was followed by dehydration in an acetone series and embedding 
in Mikropal. Sectioning was carried out in LKB- and Reichert microtomes and contrasting was 
performed with uranyl acetate/lead citrate. Electron microscopy utilised a Zeiss EM 10 and a Siemens 
Elmiskop I01. For light microscopical investigations thicker sections (<  I gm) were stained with 
alkaline Giemsa solution at 60 ~ C for 1 min. 

For the fluorescence microscopical demonstration of the various collagen types with collagen 
antibodies 8 gm thick sections from unfixed limb buds after a 6 days culture period were cut 
in a cryostat, mounted onto slides and covered with antibodies against collagen type I and II 
(50 100 gg/ml). 

The collagen antibodies were obtained by repeated immunisation of sheep and rabbits with 
purified collagen type I or II and Freund's adjuvant and were purified by immunoabsorption. 
Their specificity was tested in a passive hemagglutination test (Beil et al., 1972; Barrach et al., 
1975). The collagen types were demonstrated by reacting the antibodies with fluorescein conjugated 
goat anti-rabbit gamma-globulin (Behring-Werke, Marburg) at a dilution of 1 : 10. 

For the determination of the cartilaginous parts the limb buds were fixed in 10% buffered 
formaldehyde, stained with methanolic methylene blue, destained with HCl-methanol., dehydrated 
and cleared with glycerol and covered with Eukitt. Planimetrical measurement of the cartilage 
areas was performed automatically in a Quantimet 720 system (Metal Research). 

Results 

Light Microscopy 

O n  d a y  6 o f  t h e  c u l t u r e  p e r i o d  t he  p r o x i m a l  s k e l e t o n  a n l a g e n  s h o w  the  c h a r a c t e r -  

is t ic  p i c t u r e  o f  e m b r y o n i c  c a r t i l a g e  w i t h  a w e l l - d e f i n e d  p e r i c h o n d r i u m .  In  t he  

d i a p h y s e a l  r e g i o n  a d e l i c a t e  o s t e o i d  r i m  c a n  o f t e n  be  d e m o n s t r a t e d  b e t w e e n  

c a r t i l a g e  a n d  p e r i c h o n d r i u m .  T h e  cel ls  o f  t h e  d i s t a l  c a r t i l a g e  a n l a g e n  a r e  m o r e  

c lose ly  a p p o s e d  d u e  to  the  s m a l l  a m o u n t  o f  i n t e r c e l l u l a r  s u b s t a n c e  p r e s e n t .  

A c l e a r - c u t  o u t l i n e  o f  a p e r i c h o n d r i u m  c a n n o t  be  seen.  A d d i t i o n  o f  SP54 |  
o r  A r t e p a r o n  | d o e s  n o t  c a u s e  a n y  c h a n g e s .  

Demonstration of the Cartilage Anlagen 

A f t e r  a 6 d a y  c u l t u r e  p e r i o d  al l  c a r t i l a g e  a n l a g e n  s t a i n a b l e  w i t h  m e t h y l e n e  
b l u e  a m o u n t  to  1 .0_+0.04 m m 2 / l i m b  b u d  ( =  1 0 0 % ) .  T h i s  v a l u e  d o e s  n o t  c h a n g e  

a f t e r  l o w e r  d o s e s  o f  SP54 |  o r  A r t e p a r o n |  (0.001 0.05 m g / m l ) .  I t  i n c r e a s e s  

s l igh t ly  a f t e r  0.1 m g / m l ,  h o w e v e r ,  w i t h o u t  b e c o m i n g  s t a t i s t i c a l l y  s i gn i f i c an t .  W i t h  
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1.0 mg/ml and higher SP54 | or Arteparon| doses the planimetrically measured 
areas of cartilage anlagen are reduced to 70% (1 mg/ml), 62% (2 mg/ml) and 
55% (3 mg/ml). 

It is principally the distal cartilage anlagen that are affected by a reduction 
in area (Fig. 1). After 4 mg/ml SP54| the total cartilage skeleton of the hand 
region is missing in all cases. After 1.7, 2 and 3 mg/ml the number of rays 
of the hand skeleton is diminished. After 1.7 to 3 mg/ml SP54| often only 
a single ray occurs, with no segmentation into carpus, metacarpus, or phalanges. 
The frequent occurrence of a half-moon-shaped cartilage sickle located distally 
to the single ray is a striking feature. Such diffuse distal areas of cartilage 
are never found in control cultures. 

Immunofluorescence Microscopy 

In control limb buds antibodies against collagen type II can only be demon- 
strated in cartilage. When using anti-collagen type I fluorescence is localized 
over the perichondrium and, to a lesser extent, over other regions outside the 
cartilage. Differences between SP54| or Arteparon| and control limb 
buds were not observed (Fig. 2). 

Electron Microscopy 

After a 6 day culture period the chondroblasts of the cartilage anlagen are 
fully differentiated. Their shape is mainly round to polygonal but occasionally 
elongated or half-moon-shaped. Small cuspidal processes of varying length are 
characteristic. Cavities of rough endoplasmic reticulum predominate in the cyto- 
plasm. The Golgi apparatus occupies a large space in the vicinity of the nucleus 
and consists of some short, parallel cavities and several vacuoles of 1,000 4 ,000 
in diameter. The centres of these cavities contain loosely packed fine-filamentous 
material. Moreover, a few mitochondria of the cristae type are found as well 
as single electron-dense granules. In many preparations the chondroblasts of 
the diaphyseal region store glycogen granules which fill large areas. 

The intercellular space is filled by collagen structures and ruthenium-red 
(RR)-positive proteoglycan granules (Fig. 3). Collagen occurs in the form of 
loosely packed, single, irregular filaments of 80-160A in diameter. Only in 
very large intercellular spaces are 3 to 5 filaments occasionally seen to run 
parallel forming small bundles. Round or rectangular ruthenium-red-positive 
electron-dense granules (350-550 A) rest on the filaments at irregular intervals 
and from these granules fine threads of 20-50 A thickness radiate. A great 
number of such granules are also situated between the collagen filaments. Their 
radiating fine threads make contact with the collagen filaments and disappear 
from the section plane or link with the neighbouring granules or their threads. 
][n most preparations the granules in the vicinity of the cells are so closely 
packed that they cover the delicate collagen filaments. 
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Fig. 1A-D: Limb buds stained with methylene blue and cleared in xylol after a 6 days culture 
period. A Control. B Treated with 0.1 mg]ml 8P54| C Treated with 2 mg/ml SP54 | Absence 
oftarsalia and metatarsalia, sickle-shaped cartilage region (1) distally closely beneath the epithelium. 
D Treated with 4 mg/ml SP54| complete lack of the distal regions, only humerus, radius and 
ulna ($) demonstrable 
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Fig.2A-C. Immunofluorescence microscopical demonstration of the various collagen types in cul- 
tured limb buds. A Collagen type II in the cartilage tissue of an untreated limb bud. B Collagen 
type II in the cartilage tissue after treatment with 3.0 mg/ml SP54 | C Collagen type I in the 
perichondrium and in the tissue outside the cartilage after treatment with 3.0 mg/ml SP54 | 

Even after very high doses of  SP54| and Arteparon|  applied for 5 and 
6 days respectively the fine structure of  chondroblasts is not changed on day 
6 in vitro, only in a few sections have the number  and size of the glycogen 
inclusions in the cartilage cells increased. In the distal region, however, cartilage 
formation is low or missing completely after exposure to 4 mg/ml. 

However, the collagen of the cartilage anlage shows a completely different 
structure in the presence of more than 0.05 mg SP54| or Arteparon|  per ml 
culture medium. Short aggregates of varying length occur which display a defined 
periodic cross-striation (Fig. 4), the length of the shortest aggregates is 
2,800-3,100 A (monomeric aggregates). The length of one period in the longer 
aggregates amounts  to 2,000-2,700 ~.  These structures can be called "fibril 
long spacing (FLS)-collagen". They first occur a few hours after addition of 
SP54| or Arteparon| and increase in number  during culture in the presence 
of these substances. After doses higher than 1 mg SP54| per ml culture medium 
normal collagen filaments no longer occur in the cartilage anlage. Outside the 
FLS-aggregates only ruthenium-red-positive granules can be found in the inter- 
cellular space. 

The cross-striation in the collagen aggregates is symmetrical (Figs. 5, 6, 
and 9). Two relatively indistinct, electron-dense zones of  250 A width lying in 
the centre of each period separated by a less dense zone (280 A) are striking. 
At higher magnification up to 6 bands (25 A each) can be demonstrated in 
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Fig. 3A and B, Cartilage tissue from the humerus anlage of untreated limb buds after a 6 days 
culture period. A Ruthenium-red staining, numerous electron-dense PG-granula (+) and collagen 
filaments (light arrows) in the vicinity of a chondroblast (C). x 63,000. B Without ruthenium-red 
staining. Demonstration of the collagen filaments (+). x 75,000 
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Fig. 4. Limb bud culture after a 6 days culture period. 1.7 rag/m1 SP54| added. Chondroblast 
(C) with rough endoplasmic reticulum (ER) and glycogen areas (*). In the intercellular space 
(/) ruthenium-red-positive PG-granules and cross-striated, segment-like structures (,~). x 12,000 
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each dense zone (Fig. 6). These 6 bands are arranged at about 20 A_ intervals. 
In the lighter zone between the 2 dense zones two clear-cut bands (40 A each) 
are running at a distance of  80 A, enclosing a faint third band. This delicate 
third band constitutes the symmetrical axis of the cross-striation pattern which 
is identical on both sides. On each side the dense zones consisting of 6 bands 
are followed by a band pair at a distance of 30 A dense line. Adjacent to 
this band pair are on each side: a light zone of 60 A, a band triplet (30 A 
- 25 A - 30 A - 25 A - 30 A), a light zone of 40 A, another band tr-~plet 
( 5 0 A  - 4 0 A  - 5__0A - 4 0 A  - 5__0A), a light zone (40A), a group of 
bands (4_00A - 55A - 3OA - 3 0 A  - 3OA - 5 5 A  - 4OA), the outside 
ones being very dense, a light zone (200 A), a denser band (40 A), and finally 
a 200 A wide lighter zone with a faint denser border. The diffuse density of 
the double zone in the centre of a monomeric aggregate (250 A - 280 A - 
250 A) is notable, as in the bundling of the filamentous subunits. This region, 
therefore, conveys the impression of  longitudinal striation of the aggregates 
(Figs. 5 and 6). Up to 6 of these monomeric segments can be aggregated end 
to end, with overlapping ends. Two types of overlapping can be observed, 
one amounts to 240 A, the two clear-cut distal bands thus forming a dense 
double band followed on both sides by the typical triplet. The second type 
of overlapping is 720 A in length and a symmetrical triplet pair develops. Both 
types of overlapping are found in one FLS-aggregate. The width of the aggregates 
varies considerably and after only 24 h of SP54| and Arteparon| application, 
widths of 750-1,000 A can be measured. At later stages values between 0.5 
and 1 gm predominate. However, wider aggregates as well as aggregates that 
arrange themselves circularly can also be observed. 

Outside the cartilage collagen type I occurs in the perichondrium, in the 
muscle anlagen, and in the region of the corium (Fig. 2). In these areas thicker 
fibrils (250-350 A) with a clear-cut cross-striation predominate electron mi- 
croscopically. After SP54| and Arteparon| the appearance of these fibrils does 
not change under these experimental conditions. 

The ruthenium-red-positive, electron-dense granules with radiating filaments 
do not change after the addition of the two substances. As the normal collagen 
filaments are missing in many preparations free ruthenium-red-positive granules 
predominate. In some areas they show a pronounced variability in size (Fig. 7), 
their diameter varying between 250 and 1,500 A (normal value=350-550 A). 
The large granules usually rest on a single collagen filament, aggregates or 
cell membranes. - A regular spatial relationship of the granules to the SP54| 
or Arteparon| aggregates or their cross-striation cannot be 
identified. 

If SP54| is added for the first 3 days and the culture is then continued 
without the substance, some characteristic alterations can be observed on the 
subsequent days. In the cytoplasm of the chondroblasts large vacuoles whose 
bordering membranes correspond to the structure of the cell membranes occur 
to an increasing extent (Fig. 8). The 0.4--1 gm large vacuoles contain loosely 
dispersed fine filamentous material and thin aggregates with cross-striation. RR- 
positive granules are not seen. Transitional forms between the smaller Golgi- 
vacuoles and large inclusions could not be clearly demonstrated. The number 
of vacuoles containing cross-striated structures increases towards the periphery 



Fig. 5. Limb bud culture after a 6 days cuiture period. 1.7 mg/ml SP54 | added. Cross-striated 
FLS-structure between chondroblasts  (C) with 5 successive periods (1.5). Between 1 and 2 and 
2 and 3 a longer overlapping zone ($) than between 3 and 4 and 4 and 5. In the centre of  
each period an electron-dense double band with bundling of the fi lamentous components  at 1-5 
(light arrows). • 110,000 



Fig. 6. Limb bud culture after a 4 days culture period. 1.7 mg/ml SP54| added on days 1-3. 
Overlapping zones of varying width between the individual periods (1, light a r row=shor t ,  2, dark 
a r row=long  overlapping type). At * absence of one period. Single normal collagen filaments 
($). Heavy electron-dense and plat-like bundling in the centre of each period, x 80,000. Inset." 
Cross-striation type of a collagen aggregate. One period between the light arrows, long type of 
overlapping. Plat-like bundling (light asterisk) in the region of the period centre, x 250,000 



Fig. 7 .6-day-old  limb bud culture. 3 mg/ml  SP54| added on days 1--3. In a chondroblast  vacuoles 
(*) with filamentous, partly cross-striated (;) structures are seen. In the intercellular space normal  
collagen filaments occur (light arrow), x 30,000. Inset." Higher magnification of the lower inclusion. 
x 80,000 



Fig. 8. A 6-day-old limb bud culture. 2 mg/mi SP54| added on days i-3;  three successive periods 
(1-3) with marked disintegration and melting starting at the ends (*). Widely varying size of 
the ruthenium-red-positive PG-granules ($). • 110,000. B 6-day-old limb bud culture, 4mg/ml 
SP54| added. Perichondral region (collagen type I) with unchanged longitudinal (+) and cross- 
sectioned (*) collagen fibrils, x 60,000. C 6-day-old limb bud culture, untreated control. Ruthenium- 
red-positive PG-granutes (~) and collagen filaments (light arrows) in the cartilaginous intercellular 
space. Compare with A. x 90,000 
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of the cartilage where they are especially frequent in the extracellular space 
the number of aggregates decreases after removal of the substances from the 
medium. 3 days after termination of SP54| application only aggregate mono- 
meres (2,800-3,100/~) or smaller fragments can be observed. Cross-striation 
largely disappears, only the wide central, dense band pair can still be identified. 
The fragments reveal disintegration starting from the ends (Fig. 7). Parallel 
to this the normal 80-160 A thick collagen filaments reoccur. 

Discussion 

In the presence of SP54| or Arteparon| unusual collagen structures occur 
in the cartilage anlagen of limb bud cultures. This striking finding may be 
due either to the biosynthesis and secretion of a collagen different to type 
II or to a changed aggregation pattern of the collagen molecules. Although 
a change in the collagen type synthesized is found under certain conditions 
in cartilage cultures (v.d. Mark et al., 1977), immunofluorescence investigations 
revealed the presence of the characteristic collagen type II. Thus, under the 
influence of SP54| and Arteparon | procollagen type II is formed which is 
aggregated into a different pattern. These assumptions are also supported by 
in vitro experiments with highly purified soluble collagen type II from cartilage 
tissue (Lilja and Barrach, unpublished findings): During dialysis against SP540 
collagen structures are formed which correspond to the picture described here. 
It can therefore be assumed that SP54| and Arteparon | change the normal 
aggregation of collagen, possibly due to the strong electrostatic interactions 
between the highly sulfated substance and the polar groups of the collagen 
molecule (Ktihn et al., 1959; ()brink et al., 1975; Oegema et al., 1975). Mainly 
short ,, fibril long spac ing" -  collagen structures will develop in which tropocol- 
lagen molecules are arranged in an antiparallel manner (Fig. 9). It is known 
that only under these conditions will the individual monomeric segments show 
an end-to-end arrangement, thus forming longer units (Kiihn et al., 1964). The 
strictly symmetrical arrangement of the cross-striation pattern also provides 
corroboration for the assumption of an antiparallel arrangement of polar colla- 
gen molecules. At the terminal contact areas the collagen molecules overlap 
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Fig. 9A and B. Schematic presentation of the antiparallel arrangement of the tropocollagen molecules 
in a period and the short (A) and long (B) overlapping zones at the ends 
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in two ways: long (720 ~)  and short (240 A) values corresponding to about 
1/4 or 1/12 of the length of a collagen molecule. Other collagen structures, 
such as native fibrils and fibrils with a continuous cross-striation also show overlap- 
ping of the collagen molecules to a comparable extent (Kfihn et al., 1964). 
The two types of overlapping give rise to a different cross-striation pattern 
in these contact areas, which may be explained by superimposition of the segment 
ends of corresponding length (Fig. 10). In this connection findings of Bonucci 
et al. (1975) are of special interest. In a case of osteopetrosis fetalis these authors 
were able to demonstrate FLS-collagen in the intercellular substance of  rib 
cartilage. This FLS-collagen was very similar to the structures observed by 
us. Therefore it seems to be justified to assume an alteration of proteoglycans 
in this syndrome. According to our findings, the production of anomalous 
collagen is less likely. 

The alteration of the aggregation pattern after application of SP54| refers 
only to collagen type II. Collagen type I, which occurs outside the cartilage 
anlage in the limb buds (Barrach et al., 1975), is not affected. The reason 
for this specificity is not known. Differences in concentration or diffusion prob- 
lems with these substances cannot play any r61e, since the localisation of the 
various tissues is very variable and in many preparations the other tissues 
are close to the filter. Independent of the localisation of the cartilage, FLS- 
collagen occurs in the limb buds at equivalent concentrations of SP54| or 
Arteparon| 

SP54e and Arteparon| cannot be demonstrated electron microscopically 
with certainty. Even after high doses the electron microscopical picture of RR- 
positive PG-granules in cartilage anlagen of limb buds does not change over 
wide areas. However, in some places the average size of  PG-granules changes. 
In our opinion this is due to a preparation-conditioned artefact. The PG-mole- 
cules are uncoiled under in vivo conditions and fixation and electrostatic binding 
of ruthenium-red cause clumping of the filamentous molecule which appears 
as a granule in the electron microscopical picture (Merker and Giinther, 1973). 
Greater change in the three-dimensional PG-pattern during preparation is pre- 
vented by the binding of these molecules to the stable network of the collagen 
structures. This stabilising influence is, however, diminished due to the different 
aggregation pattern of collagen in the presence of SP540 and Arteparon | It is 
conceivable that fixation leads to a clumping of neighbouring PG-granules and 
thus to an increase in size. Hence, according to our morphological findings, 
SP54| and Arteparon| do not effect PG-synthesis. The alteration in the 
collagen structures has to be attributed, therefore, to the added substances 
(SP54| and Arteparon| and not to a change in locally produced collagen or PG. 

An effect of SP54| and Arteparon| on growth and pattern formation of 
the cartilage skeleton can be demonstrated. A planimetrically measured decrease 
in cartilage size might be due to an effect on cartilage cell proliferation as 
well as on matrix production. Preliminary studies (Lilja) have shown that a 
dose-dependent reduction in DNA content and corresponding reduction of  RNA 
and protein values occur. This is an indication of inhibition of the proliferation 
of cartilage cells or their precursors. The inhibition of distal cartilage growth 
may be attributed to the presence of a proximo-distal maturation gradient. 
Intercellular substance is produced in the humerus anlage as early as after 
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Fig. 10. Photo montage to demonstrate  the development of  the cross-striation pattern in the region 
of  the long (a) and short (b) overlapping zones (+). The ends of an aggregate were twisted by 
180 ~ (1 and 2) and compared with the actual cross-striation (*) 
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24 h in vitro, while proliferation continues in the hand region (Merker, 1975; 
Neubert et al., 1974). At the beginning of the culture period (40 to 45 somite 
pairs) a sufficient number of cells are available for the formation of humerus- 
and proximal radius-/ulna anlagen (Agnish and Kochhar, 1977). Only the growth 
of the distal cartilage anlage can thus be disturbed by SP54 | under the chosen 
experimental conditions. A number of publications have already reported on 
the effects PG and GAG exert on proliferation- and differentiation behaviour 
of cells (Lippman, 1968; Bernfield et al., 1973; Nero and Dorfman, 1972; Slav- 
kin and Greulich, 1975). It can, therefore, be concluded from the findings 
that highly sulfated SP54| and Arteparon| inhibit the proliferation of the 
early blastemal cells to such an extent that chondrogenesis in the distal regions 
is prevented. The actual causal mechanism of this effect is not known. As 
shown with physiologically sulfated GAG, these substances are bound to the 
cell membrane (Vogel and Kelley, 1977; Chiarugi and Vannucchi, 1976) and 
receptors for such substances at the cell membrane are present (Goldstein et al., 
1976; Chiarugi and Vannucchi, 1976). The binding of SP54 e to these receptors 
may influence the dynamics of the cell or the cell membrane and various second- 
ary mechanisms. 

It is not possible to attribute the alterations of the distal cartilage skeleton 
solely to a proliferation inhibition of the cell population which is responsible 
for chondrogenesis. The residual blastema is redistributed and concentrated 
into only one ray with additional distal cartilage cap, which indicates not only 
a proliferation inhibition but also an alteration of the skeleton pattern. This 
effect might be attributed to the action of highly sulfated substances on the 
cell membrane. The blastema, whose formation precedes actual chondrogenesis, 
is a densely packed mesenchyme with close contact among the cells. Changes 
in the cellular shape and various cytoplasmic components indicate a change 
in the surface properties of cells shortly l~efore chondrogenesis (Gould et al., 
1972), and besides positional data the blastemal cells must also communicate 
among each other to realize the formation of cartilage (Summerbell, 1974). 
Changes in the membrane properties due to disturbances in the immediate 
cell surrounding or even via a binding of SP54 e to the membrane itself will, 
therefore, also affect pattern formation. 

The ensuing FLS-collagen structures are stable only in the presence of SP54| 
and Arteparon| When the highly sulfated GAG are removed from the culture 
these structures disappear almost completely within 3 days. This disintegrati6n 
takes place in two ways : on the one hand collagen aggregates in the extracellular 
space disintegrate, starting from the ends. Here a collagenase, secreted by the 
chondroblasts, must become active. Moreover, the FLS-structures are also pha- 
gocytosed by the chondroblasts and are decomposed by phagolysosomes. At 
the same time normal filaments of 80 120 A thickness appear which presuppose 
undisturbed synthesis and secretion and thus reversibility. 
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