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ABSTRACT 

The kinetics of collagen reprecipitation from solutions of salt-extracted calf dermis in the 

presence of small amounts of mucopolysaccharidc and nucleic acids (0.005 per cent in the 

final reaction mixture) has been reported by Wood (1960). The present paper is a parallel 

study using the same materials, and describes the electron microscopic (EM) morphology 

of the collagen precipitates replicated after 24 hours at room temperature. Satisfactory, 

uncontaminated EM preparations were obtained which showed that all the deposits were 

fibrous and bore the 640 A cross-banding characteristic of collagen except some narrow, 

background fibrils 200 to 1000 A wide precipitated in the presence of heparin. These 

exhibited fine striations about 220 A apart. Chondroitin sulfate greatly increased the rate of 

precipitation to give a deposit of low optical density consisting of narrow, rigid, discrete 

fibrils resembling fresh dermis. In contrast, heparin prevented macroscopic gelation, 

delayed precipitation, and only produced a scanty deposit of abnormal, short, wide, striated 

tactoids and compound fibers of varying length. The control preparations and the deposits 

formed in the presence of hyaluronic acid were intermediate between these two extremes. 

Delayed precipitation was associated with a coarser deposit and aggregation of the fibrils. 

A duplicate series of deposits precipitated in the presence of RNA and DNA, together with 

their controls, were examined after 1~, 1, 1}~, 3, 9, and 24 hours. One set employed an 

acetic extract of whole calf dermis and the other salt-extracted dermis. The presence of 

0.005 per cent DNA in the reaction mixture markedly delayed collagen precipitation with 

the slow formation of abnormal, short, wide tactoids and compound fibers. RNA also inter- 

fered with the quantity and quality of the deposits which contained far less collagen re- 

sembling unfixed, normal, adult human dermis, than the controls at the corresponding time 

intervals. Comparison of the experiments employing whole calf dermis with those employing 

the salt-extracted material demonstrated that at every time interval in all the experiments 

the deposits were retarded when salt-extracted dermis was used. This suggests that the salt- 

soluble components of the dermis play a part in fiber formation. 

Previous work in this series of experiments (1-3) 

described the kinetics of collagen precipitation 

from salt-extracted calf dermis based on a sys- 

tematic study of the effect of experimental con- 

ditions on both the rate of fibril formation and 

the morphology as seen under the electron micro- 

scope. Samples of the identical solutions used for 

the rate studies revealed that factors which speeded 

up the precipitation of neutral salt collagen (in- 

creased temperature; decreased ionic strength) 
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p r o d u c e d  a low opt ical  dens i ty  and  t h i n n e r  fibrils, 

w h e r e a s  the  reverse  o b t a i n e d  w h e n  prec ip i ta t ion  

was de l ayed  (decreased  t e m p e r a t u r e ;  inc reased  

ionic  s t r eng th ) .  T h e  p re sen t  p a p e r  repor t s  the  

m o r p h o l o g i c a l  effect  o f  m u c o p o l y s a c c h a r i d e s  

on  fibril f o r m a t i o n  a n d  paral le ls  the  phys ica l  

c h e m i c a l  resul ts  r epo r t ed  by W o o d  (3). I n  add i -  

t ion,  it  descr ibes  the  effect  o f  nuc le ic  acids  on 

co l lagen  as p rec ip i t a t ed  f r o m  ex t rac t s  of  whole  

calf  d e r m i s  as well  as f r om the  sa l t - ex t rac ted  m a -  

terial.  

M A T E R I A L S  A N D  M E T H O D S  

Part I: Effect of Mucopolysaccharides 

Collagen Solutions." These  were prepared f rom the 

same sal t-extracted preparat ion used previously and  

designated Dermis  X (1). Briefly, fresh calf dermis 

was defatted, dehaired,  homogenized,  exhaustively 

extracted with salt at p H  7.0, washed and  freeze- 

dried. Samples  of this purified dermis were then 

extracted with 0.5 ~ acetic acid at 0 to 4°C., filtered, 

and  the  clear filtrate dialyzed against  4 changes  of 

0.1 M NaCI conta in ing  0.05 M acetate buffer, p H  4.2. 

The  result ing viscous solution was centr ifuged and  

the collagen stored at 0-4°C.  after the  concent ra t ion  

had  been adjusted to 0.1 per cent  by dilution with 

cold 0.1 ~a NaCI. Assuming  tha t  the hydroxyprol ine  

content  of collagen is 8.2 gm. of amino  acid N / 1 0 0  

gin. of N, the  hydroxyprol ine  content  of this solution 

(Dermis X) indicated tha t  about  93 per cent  of the 

dissolved protein was collagen. This  collagen was 

completely precipi ta ted unde r  the  exper imenta l  

condit ions employed in this study. 

Mucopolysaccharides." Five samples of chondroi t in  

sulfate (CSA a, b, and  c kindly supplied by Professor 

K. Meyer ,  and  two commerc ia l  preparat ions  ob- 

ta ined f rom cattle t rachea  by Evans Medical  Supplies 

and  L. Light  & Co.);  hepar in  (British Drug  Houses);  

purified hyaluronic  acid (L. Light  & Co.);  and  two 

prepara t ions  of bovine intervertebral  disc (F1 and  

F2) obta ined  f rom Dr. P. F. Lloyd. Ionophoresis 

indicated tha t  F1 consisted predominant ly  of kerato- 

sulfate and  F2 of h~aluronic acid. All these substances 

were made  up  as 0.01 per cent  solutions in phosphate  

buffer p H  7.1. 

Examination of the Substances Alone: Drops of the 

solutions of collagen and  mucopolysacchar ides  were 

placed on collodion-covered grids (without grinding),  

dra ined with filter paper,  allowed to dry, washed 

with distilled water,  showed with ch romium,  and  

examined  in a Siemens electron microscope, type 

U M  60 C, 

Experimental Method." After the collagen solution 

had  a t ta ined room tempera ture  (23 to 25°C.) by 

s tanding  on the  bench for exactly l !J~ hours,  and  the  

other materials  for a m i n i m u m  of 10 minutes ,  1.7 ml. 

of the latter were added  to 1.5 ml. of the collagen 

solution and  mixed by invert ing the  tube  3 times. 

Approximate ly  the  same a m o u n t  of each sample  was 

immediate ly  transferred by micropipet te  to duplicate 

slides, spread to make  pools 1 to 2 ram. deep and  

placed in petri dishes. Extra  buffer in tinfoil cups was 

put  inside each dish to minimize  evaporat ion of 

water  f rom the reaction mixtures.  Precautions were 

taken that  these mixtures  remain  undis turbed  dur ing  

the exper imenta l  t ime intervals by protection from 

movement ,  draughts ,  etc. 

After 24 hours at 23 to 25°C., the  slides were dried 

in a s t ream of air at room tempera ture  f rom a hair 

dryer fixed 18 inches f rom the slides; this procedure 

took 10 to 15 minutes .  Each  sample  was gently 

washed with distilled water  to remove buffer salts, 

dried again  in the same way, shadowed with gold- 

pa l l ad ium at an  angle of 5 ° and  covered with a thin 

film of collodion. After this film was scored into small  

squares,  and  immersed  in trypsin solution overnight  

at room tempera tu re  to remove dermal  components ,  

the loosened squares were peeled from the slide, 

washed in a dish of water  and  picked up  on E M  

grids. T h e  final prepara t ion  thus consisted of a metal -  

shadowed replica of the  surface of the  undis turbed ,  

washed and  dried precipitate. All the  specimens were 

examined  in the EM,  large areas of several grids 

f rom each sample  being carefully scrutinized and  

special at tent ion paid to the  relative quanti t ies  of the  

various structures seen. Over  150 electron micro- 

graphs  of representat ive areas were taken,  including 

samples of the  various substances alone. The  test 

tubes conta in ing the remainder  were examined  

maeroscopieally at intervals. 

Controls were performed using phospha te  buffer 

without  any  added substance.  T h e  react ion mixture  

had  a collagen concentra t ion of 0.05 per cent, a 

phospha te  concentra t ion of 0.04 M, an  ionic s t rength 

(#) of 0.23, and  conta ined 0.005 per cent  mucopoly-  

saccharides. The  exper iments  were performed in two 

batches. T h e  first ba tch  included the control and  all 

the mucopolysacchar ides  listed above;  the second con- 

sisted of repeat  control, CSA a and  CSA b experi- 

ments,  as well as a more  dilute solution of hepar in  

(0.0005 per cent).  No antibacterial  agents were 

used, bu t  by employing only freshly made  collagen 

and  buffer  solutions bacterial  con tamina t ion  was 

avoided. 

Part II." Effect of Nucleic Acids 

Collagen Solutions: Samples of the  homogenized  

dermis f rom the same calf skin were treated in two 

ways:  (*) extracted with 0.5 M acetic acid and  the  

resulting solution dialyzed against  0.1 ~ NaCI  to give 
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a clear, viscous solution with a collagen content  of 

about  0.1 per  cent;  (2) exhaust ively  extracted with 

NaC1 as follows: 50 gm. dermis was stirred gent ly  

with 650 ml. of 0.2 M Nacl,  p H  7.0, for 16 hours.  

Undissolved mater ia l  was separa ted  by centr i fuging 

and  extracted aga in  for 16 hours  with 500 ml. of 

0.2 M NaCl,  p H  7.0, and  once with sa tura ted  NaC1. 

T h e  residue was washed free of salt and  then t reated 

as unde r  (1). T h e  lat ter  p repara t ion  was very similar  

to the  Dermis  X employed in Par t  I except  tha t  only 

50 to 60 per cent  of the  collagen was precipi ta ted 

unde r  the  exper imenta l  condit ions used. For brevity, 

the  extract  f rom whole calf dermis will be referred to 

as Dermis  Yl and  from sal t -extracted dermis as 

Dermis  Y2. 

Nucleic Aci&': Samples  of deoxyribonucleic acid 

(DNA3, 0.04 per  cent  in water) and  r ibonueleic acid 

(RNA3, 0.05 per cent  in 0.1 ~ NaC1) were obta ined  

f rom G. C. Wood.  

Buffer: Phospha te  buffer, p H  7, ~ = 0.2. 

Experimental Method." This  was the same as that  

employed  in Par t  I except  tha t :  (i) an  equal  vo lume 

of buffer alone or of  buffer  conta in ing  0.01 per cent  

of R N A  or D N A  was added  to the  collagen solutions 

ob ta ined  f rom Dermis  Y1 or Y2; (2) the  Petri dishes 

con ta in ing  the  slides were kept  at bench  t empera tu re  

(20 to 23°C.),  dupl icate  samples  being dr ied at  1/~, 1, 

11/~, 3, 9 and  24 hours.  A m i n i m u m  of 2 grids were 

carefully scrutinized at  a magnif icat ion of 10,000 

f rom each set of  exper iments  at each t ime interval;  

i.e., 2 X 36 grids. 25 squares  could be visualized on 

each grid, and  about  25 fields were needed  to cover 

each square.  Thus ,  as each gr id  conta ined  625 fields, 

a total of 72 X 625, or 45,000, fields were examined  in 

Par t  II  of  the  present  study. 640 electron micrographs  

of representat ive areas were taken, including samples  

of the  various substances alone. 

Terminology." Lateral  aggregat ion of the  collagen 

fibrils occurred as previously reported (1). Bundles 

composed of fibrils main ly  1000 to 1400 A in width  

(Fig. 4) were found in all the exper iments  employing  

mucopolysacchar ides  except heparin .  Lateral  aggre- 

gat ion of the  fibrils in one plane,  their cross-striations 

in register, bu t  with partial  loss of individual  outlines 

to form flat sheets was seen in the controls (Fig. 3). 

Where  these sheets occurred in long, wide bands,  they 

were te rmed compound fibers. C o m p o u n d  fibers could 

either be formed of wide individual  fibrils 2000 to 

4000 A in d iameter  (control experiments ,  Fig. 3); 

of fibrils of modera te  width (1000 to 2000 A), as in 

the  D N A  exper iments  (Figs. 13 and  14), or of  nar-  

rower tactoids and  fibrils 1000 to 1400 A wide (hepa- 

rin experiments ,  Fig. 5). As these c o m p o u n d  fibers 

were frequent ly very thick and  up  to 16,000 A in 

diameter ,  only examples  of small  or modera te  size 

could be adequate ly  micrographed.  

Collagen Grading: T h e  collagen fibrils of no rma l  adul t  

skin are main ly  1000 to 1400 A in width,  rigid and  of 

indefinite length.  Nar row fibrils and  visualization of 

the  tapered fibril ends characterize young  skin or 

actively growing tissue (4-6). The  presence of acute  

bends is evidence of flaccidity of the fibrils as the  

suspension settles on the  grid dur ing  drying (7). 

As all the  repl icated precipitates described here  were 

satisfactory, u n c o n t a m i n a t e d  prepara t ions  consist ing 

a lmost  entirely of collagen bear ing 640 A striations, 

with hardly  any  debris and  no elastin-like structures,  

amorphous  mater ia l  or buffer  salts, these charac-  

teristics at each t ime interval  could be easily estab- 

lished. Al though  the deposits were reprecipi tated 

T A B L E  I 

Effect of Mucopolysaccharides on Collagen Fibril Formation 

Analys i s  of  f ibrous depos i t  af ter  24 hour s  at  23 to 25°C. ,  u s ing  D e r m i s  X and  p h o s p h a t e  buf fe r  pH7,  

= 0.2. T h e  fibril  w i d t h  was m e a s u r e d  wi th  a sca led  Lei tz  eyepiece  on 126 p h o t o g r a p h i c  p la tes .  

N o r m a l  (de rma l )  fibril w i d t h  is 1000 to 1400 A. All fibers exh ib i t ed  641) A c ro s s -band ing  excep t  

in the  h e p a r i n  e x p e r i m e n t ,  in w h i c h  fibrils < 1,000 A h a d  220 A s t r ia t ions .  

Control CSA K (F1) PHA IHA (F2) H 

Basic fibril w i d t h  (A) 600 

< 1,000 - -  + occ. occ. - -  + + +  

1000-1400 occ. -I- + Jr %- + + -[- + + 

2000-4000 + + - -  - -  - -  + - -  

C o m p o u n d  fibers -k-+ . . . .  + +  

Fibr i l  l eng th  L o n g  L o n g  L o n g  L o n g  L o n g  Shor t  

Co l l agen  g rad ing  1 3 3 2 1 1 

occ.,  occas ional ;  CSA, 5 samples  of  chrondroi t in  sulfate; K, kera tosul fa te  (FI ) ;  P H A ,  pur i f ied  h y a l u r o n i c  

ac id ;  I H A ,  i m p u r e  h y a l u r o n i c  ac id  (F2);  H ,  h e p a r i n  0.005 per  cen t  in the  final m i x t u r e .  W o o d ' s  h i s to -  

g r a m s  of  fibril w id th  (Fig. 16) were  based  on the  EM p h o t o g r a p h i c  p la tes  of  the  CSA expe r imen t s .  
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(dermal) collagen and not fresh tissue, the following 

morphological separation into grades proved valu- 

able, especially for denoting the stage of "advance- 

ment" reached by each deposit at each serial time 

interval employed in Part II (Tables I and II). 

Grade 1." Apparently undivided fibrils 2000 to 4000 A 

in width, occurring singly or in bundles. A few 1000 

to 1400 A fibrils. Frequent acute fibril bends and 

tapered ends. 

Grade 2." Some 2000 to 4000 A fibrils, but mainly 

fibrils 1000 to 1400 A wide, occurring singly or in 

bundles. A few tapered ends. 

Grade 3." Long, rigid fibrils 1000 to 1400 A wide, 

occurring singly or in bundles. Resembles collagen 

from unfixed, normal, adult human dermis. 

It should be emphasized that this grading is valid 

for comparative purposes within a particular set of 

experiments using the same collagen extract, but, 

although the principle still holds good, the actual 

appearance in each grade might differ slightly if 

another solution of collagen were employed. 

Measurement of Fibril Width." In conformity with 

present terminology, the term "fibril" denotes an 

apparently single structure at the magnification 

used. Fibril width was measured on the EM plates 

with a scaled Leitz eyepiece (magnification, X 8). 

Only single fibrils were measured, aggregates of 

fibrils being disregarded. It is assumed that the 

former provide a representative sample of all the 

fibrils. 

R E S U L T S  

Part  I." Effect of  Mucopolysaccharides ( Table I )  

Macroscopic Findings." The remainder of the reac- 

tion mixture in the test tubes quickly forms a 

homogeneous opaque gel as shown by Wood (3), 

and this remains unchanged throughout the 24 

hours (Fig. 1). The only exception is the experi- 

ment employing the more concentrated (0.005 

per cent) solution of heparin, in which only a 

very faint opacity appears in the upper half of 

the tube. The 0.0005 per cent solution fails to 

prevent the formation of the usual gel precipitate. 

Electron Microscope Findings 

Examination of the deposits under the light mi- 

croscope (X 60) and with the E M  at low power 

(N 300) reveals that all the experiments employ- 

ing CSA give a dense mat of fine fibers (Fig. 2B), 

whereas the control (Fig. 2A) and hyaluronic acid 

preparations present a coarser precipitate of wider 

fibers. The 0.005 per cent solution of heparin 

produces a totally different picture (Figs. 2C and 

D). A scanty deposit is situated round the edges 

of the preparations on the glass slides and contains 

star-shaped collections of very wide, relatively 

short tactoids which appear as refractile, needle- 

like crystals under the light microscope. Under  the 

E M  there are, in addition, some areas consisting 

of a fibrous network of longer, thinner fibrils 

exhibiting acute bends and tapered ends. The 

0.0005 per cent solution of heparin fails to re- 

produce this abnormal picture, and gives a coarse 

network of wide fibers similar to the control. 

High Power Examination (X 10,000): The colla- 

gen solution alone gives an identical picture to 

that described previously (1), and consists of non- 

striated filaments of varying size, mainly 1,000 A 

in diameter,  some with tapered ends. No striated 

collagen fibrils are seen. Samples of the mucopoly- 

saccharides alone (0.01 per cent solutions) give no 

distinctive morphology apart from scanty, granu- 

lar amorphous material. Control Experiments (F@ 

3). Collagen Grade 1." Collagen reprecipitated by 

the addition of phosphate buffer alone presents a 

similar morphological picture in repeated experi- 

ments, with wide fibrils (mainly 2000 to 4000 A 

in diameter) exhibiting a marked tendency to 

aggregate laterally to form the sheets and com- 

pound fibers described under Terminology. There 

are occasional fibrils 1200 to 1400 A wide (the 

narrowest seen), a few acute fibril bends and 

tapered ends, but no background filaments. All 

the structures bear 640 A cross banding. 

Experiments Using Different Samples of CSA (Fig. 4). 

Collagen Grade 3." In the experiments using the 

3 different purified fractions (CSA a, b and c) 

supplied by Professor K. Meyer, the 24 hour pre- 

cipitations are essentially similar on repeated 

occasions. They differ from the controls in con- 

sisting of an apparently denser feltwork of nar- 

rower striated fibrils arranged singly, in pairs 

or in bundles. No compound fibers are seen. 

The dominant fibril width is 1000 A, but there is 

quite a high proportion of fibrils measuring 500 

to 600 A, and frequently 2 are closely adjacent 

throughout to give a total width of 1000 A. This 

lateral alignment can usually be distinguished in 

all the CSA preparations, and sometimes the 

division of a fiber into its component fibrils can 

be seen along part of its length. The fibrils are 

long and rigid, and only occasional tapered ends 

are visible in the thinner areas of the deposit. 

Scanty to moderate numbers of nonstriated 

background filaments are seen throughout, 
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All photographs (except Figs. 1, 6 and 7) are of replicated specimens shadowed with gold-palladium. The avale 

marked on the plates represents 1 ~. All striated structures exhibited 640 A cross-banding unless otherwise stated. 

FIGURE 1 

Macroscopic appearance of the experiments reported in Part I after 24 hvurs at 23 to 25°C. The 

usual opaque homogeneous gel of re-precipitated collagen has formed in all tubes except No. 7 

which contained heparin (0.005 per cent in the final mixture). Only a faint opacity occurred in 

the upper half of the tube, but this settled to the lower part during transport for photography. 

FIGURES ~,4 to D 

Lower Power Electron Micrographs. X 600. 

A, Control. Coarse meshwork of long, wide fibers, 

B~ Very dense mat of fine fibers formed in the presence of CSA a. All the other samples of CSA gave 

similar deposits. 

C and D, the presence of heparin (0.005 per cent in the final mixture) prevented gelation. In some 

areas of the deposit, star-shaped clusters of short, wide tactoids were seen; in others, networks of 

long fibers of varying width and length with long tapered ends. 

being most pronounced in the experiments using 

CSA b. The  filaments vary from examples up to 

8000 to 10,000 A long and 200 A wide, which 

describe a wavy course and have a t tenuated  

terminations,  to short, l inear aggregates of tiny, 

beadlike particles. These particles can be seen 

lying free in some areas. The  2 commercial  prepa-  

rations of CSA from cattle t rachea (presumed 

mixtures of CSA a and  c) give very similar, 

though  less dense, precipitates to tha t  obta ined 

from the purified samples. 

The  histograms (Fig. 16) were constructed by 

G. C. Wood after measuring the fibril width on 

the E M  photographic  plates from these experi- 
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ments. They demonstrate that there is no sig- 

nificant difference in fibril width in the precipi- 

tates formed in the presence of the 5 different 

samples of CSA. In all cases, the range is 100 to 

1500 A, but the most frequent fibril width is 600 

to 1000 A. In contrast, the control shows a much 

wider distribution of fibril width (1300 to 3200 

A), the majority measuring 2000 to 2800 A. 

Experiments Using F1 (Keratosulfate). Collagen 

Grade 3: The precipitate is morphologically 

very similar to that found in the CSA experiments. 

However,  there are some tapered fibril ends and 

a moderately dense network of background fila- 

ments. 

Experiments Using Hyaluronic Acid: The purified 

sample gives a heavy deposit of fibrils 1000 to 

1200 A wide occurring singly or in bundles. No 

compound fibers are seen. Some of the fibrils 

show the longitudinal division between the two 

components and there are occasional acute fibril 

bends, tapered ends and a moderate number of 

nonstriated background filaments. Collagen 

Grade 2. 

The impure preparation of hyaluronic acid 

(F2) contains fewer narrower fibrils, some ex- 

amples 2000 and 3000 A wide, and more acute 

fibril bends and tapered ends. No background 

filaments are seen. Collagen Grade 1. 

Experiments Using Heparin at 2 Different Concen- 

trations: (a) 0.005 per cent concentration in the 

final mixture (Fig. 5). Collagen Grade 1. This 

presents quite a different picture from the other 

experiments. Long and short striated tactoids, 

and long compound fibers 2000 to 12,000 A wide 

(see Terminology) are seen in all stages of forma- 

tion. There are occasional acute fibril bends and 

640 A cross-banding occurs throughout. The 

background is also different from any of the other 

experiments. It consists of a dense feltwork of 

fibers 200 to 1000 A wide, the majority measuring 

200 to 500 A, the narrower examples bearing fine 

cross-striations one-third the usual spacing, i.e., 

FIGURE 3 

Replicated control specimen employing Dermis X. This deposit consisted of fibrils mainly 9,0004,000 A in 

width, which exhibited a marked tendency to aggregate laterally in one plane, with their cross- 

striations in register but with partial loss of identity, to form sheets and the wide bands termed com- 

pound fibers (collagen grade = 1). X 20,000. 
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about 220 A. This fibrous meshwork sometimes 

completely surrounds the larger compound fibers 

so that, in the surface replicas examined in the 

EM, a proportion of the wide fibers are partially 

obscured by these smaller fibrils. 

(b) 0.0005 per cent concentration in the final 

mixture. The moderately heavy deposit consists 

of bundles 2000 to 12,000 A wide, composed of 

long fibrils 1000 to 1400 A in diameter. There are 

quite a number of long tapered ends and acute 

fibril bends. Cross-banding is 640 A, but the fi- 

brous background meshwork characterizing the 

more concentrated preparation is absent. 

Part H: Effect of Nucleic Acids (Table H)  

Macroscopic Findings: The reaction mixtures of 

the control and R N A  experiments employing the 

extract from whole dermis (Y1) quickly form a 

solid opaque gel which remains unchanged 

throughout the 24 hours (Fig. 6). The control 

experiment using the salt-extracted material 

(Y2) gives a similar picture but not until 11/~ 

hours, whereas the 1/~ hour R N A  sample contains 

an opaque gel which remains unchanged through- 

out. In contrast, macroscopic gelation is absent 

in both sets of experiments employing DNA. 

With Dermis YI, a very fine particulate suspen- 

sion only becomes visible at 3 hours and this is 

opaque and flocculent by 9 hours. The sequence 

of events is delayed with Dermis Y2, no definite 

suspension being seen until 24 hours, when the 

fluid is slightly turbid. These findings confirmed 

the detailed studies on the rate of precipitation 

reported by Wood (3). 

Electron Microscope Findings 

Low Power Examination (X  300): Both control 

precipitates consist of coarse networks of long 

fibers of moderate width, whereas both experi- 

ments employing R N A  contain a higher propor- 

tion of wider fibers. In contrast, the two D N A  

deposits are less profuse and contain some very 

wide fibers and tactoids of varying length. These 

are not so numerous with Dermis Y2, but the 

background contains many shorter, slender tac- 

toids. 

High Power Examination (X  10,000): Samples 

of the collagen solutions alone, prepared from 

D e r m i s  Y1 and Y2 (Fig. 7) are similar to Dermis 

X described in Part I. R N A  alone appears as a 

structureless, bubbly material apparently com- 

posed of a thick layer of numerous, very tiny, 

beadlike particles. DNA alone has a coarser 

background with superimposed linear aggrega- 

tions resembling branching "filaments." 

Control Experiments Using Dermis Y1 and Y2 (Figs. 

8 and 9): The findings are summarized in Table 

II. Although both series of deposits are similar, 

that formed from the salt-extracted dermis con- 

tains less collagen typical of unfixed, normal, 

adult human skin. 

RATA Experiments Using Dermis Y1 and Y'2: The 

findings are summarized in Table II.  Both col- 

lagen solutions give similar precipitates but, 

again, all the samples from the salt-extracted 

dermis are less like unfixed normal, adult, human 

skin. Comparison with the control series reveals 

that, at each time interval, the presence of R N A  

significantly alters the picture. There is a smaller 

FIGURE 4, 

Dermis X with purified sample of chondroitin sulfate C. Heavy mat of rigid fibrils 1,000 A 

in width, occurring singly and in bundles; scanty non-striated background filaments 

and scattered, bead-like particles (collagen grade = 3). Identical deposits were found 

with CSA a and b, and the cattle trachea preparations gave similar, though less dense, 

precipitates with more background filaments. >( 20,000. 

FIGURE 5 

Dermis X and heparin (0.005 per cent) in Ihe final mixture. The deposit consisted of: (l) 

narrow, striated tactoids and fibrils aggregated laterally in one plane to form com- 

pound fibers. (Much larger ones were seen but proved difficult to photograph ade- 

quately); (2) A heavy fibrous background. The majority of these fibrils measured 

200 to 1,000 A in width, the narrower examples bearing 220 A cross-bands. )< 20,000. 
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proport ion of the adul t  type of collagen and, unlike 

the controls, this does not  increase with increasing 

incubat ion time, while acute fibril bends and 

long tapered ends are frequently seen. 

DNA Experiments Using Dermis Yt and Y2 (Figs. 

10 to 15): These differ markedly from the con- 

trol and R N A  experiments,  and  the development  

of striated fibrils is greatly delayed in the Y2 

(salt-extracted) mater ia l  as compared  with Dermis 

Y1. From a fine fibrous background of nonstr ia ted 

filaments, scanty slender striated tactoids appear  

to be formed. These progressively increase in size 

to become compound  fibers which seem cylindri- 

cal, and consist of closely packed componen t  

fibrils 1000 to 2000 A wide (Figs. 13 and  14). 

Al though very thick ones are seen, only examples 

of moderate  size could be adequately photo-  

graphed.  As the striated componen t  increases in 

amount ,  the background  material  decreases. 

The  dominan t  length of all the structures seen in 

all the precipitates is much  shorter  than  in the 

other 2 series of experiments,  and is associated with 

the lack of gelation illustrated in Fig. 6. I t  should 

be stated tha t  2 to 2 ~  times more grid area was 

scanned in all the D N A  preparat ions  in order to 

make absolutely certain tha t  no fibrils were present 

at  the earlier incubat ion  times. This lack of 

fibrils rendered the collagen grading inapplicable.  

D I S C U S S I O N  

Al though experiments involving the addi t ion of 

CSA, RNA,  D N A  and hepar in  to soluble col- 

lagens under  varying conditions have been re- 

ported, none are strictly comparable  with those 

described in the present stud)'. Schmit t  et al. (8) 

reported the immediate  product ion of structure- 

less filaments when yeast R N A  and D N A  dis- 

solved in 0.05 M citrate, pH 4, were added to 

ichthyocol filtrate. Gross (9) later  repor ted that  

typical "segment  long spacing" (SLS) could be 

produced by crude DNA, RNA, hepar in  and  

CSA if the latter were added to a cold solution of 

collagen at neutra l  pH and  the clear solution 

dialyzed against  an acid buffer (pH 3 to 5). Fit ton 

Jackson and  Randa l l  (10) found that  the addi t ion 

of CSA to solubilized rat  tail tendon gave an im- 

mediate  precipitate consisting of structureless 

fibrils under  the EM.  Dialysis against tap water  to 

pH 7 did not alter the picture. However, the addi-  

tion of sodium acetate in the pH range 4.8 to 7 

gave normal  fibrils with  640 A banding.  I 

FIGURE 6 

Macroscopic appearance of the experiments reported in Part II after 24 hours at 

20-23°C. The control tubes contain an opaque gelatinous precipitate; the RNA tubes 

a particulate gelatinous precipitate which has risen to the surface following shaking; 

and the DNA tubes a very slight suspension without gelation. In each experiment 

the prccipitate is less marked using salt-extracted dcrmis (Ye) than with the collagen 

solution from whole calf dermis (Y1)- 

FIGURE 7 

A drop of the clear, viscous collagen solution obtained from whole calf dermis (Y1) 

was air-dried on the microscope grid, washed and shadowed with chromium. EM 

examination revealed a thick feltwork of filaments: no striated collagen fibrils were 

seen. The salt-extracted dermis (Y2) presented a very similar appearance. X 2(},000. 

FIGURES 8 and 9 

Replicated control experiments using the collagen solution from wholc dermis (YI). At 30 

minutes (Fig. 8) the fibrils were narrow with some tapered fibril ends (collagen grade 

- 2). By 24 hours (Fig. 9) the deposit consisted almost entirely of wider, longer fibrils 

with very few visible fibril ends (collagen grade = 3). At each time interval the corre- 

sponding deposits formed by the salt-extracted material (Y2) (not illustrated) con- 

tained less collagen typical of adult dermis and morc tapered fibril ends. X 20,000. 
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dialyzed immediately, some of the normal fibrils 

were converted into the "long spacing" (LS) 

form. Their  report on the immediate precipitate 

of apparently normal fibrils by CSA in the pres- 

ence of salt (before dialysis) is the nearest approach 

to the experiments described in the present in- 

vestigation. The present study, it should be em- 

phasized, was performed at neutral pH through- 

out. 

All the precipitates described here were fibrous 

and the structures exhibited 640 A cross-banding. 

However, in the experiment employing heparin, 

in addition to the 640 A banding of the wider 

structures, some of the finer background fibrils 

bore 220 A striations. As shown in Table I, very 

small amounts of mucopolysaccharide produced a 

marked effect on the resulting precipitate. Ex- 

amination of the dilute solutions of the mucopoly- 

saccharides alone, even at twice the concentra- 

tion present in the final reaction mixture, showed 

that they lacked any definite morphology. Thus, 

their presence could only alter the morphology of 

the precipitates by affecting the forming collagen 

to give the very distinctive pictures found. The 

deposits most resembling unfixed, normal, adult, 

human dermis morphologically occurred when 

collagen was precipitated in the presence of CSA 

and keratosulfate (F l) :  the fibrils were rigid (no 

acute bends), long (few visible tapered ends) and 

500 to 1000 A wide, being much narrower than 

the control (Fig. 16). 

The greatest morphological effect was produced 

by heparin in a concentration of 0.005 per cent in 

the final mixture. Not only was macroscopic 

gelation prevented (Fig. 1), but the deposit was 

scanty and situated round the edges of the pools on 

the glass slides. Under  the light microscope, star- 

shaped clusters of short wide tactoids dominated 

the picture in some areas, whereas others con- 

tained a fibrous network of long, thinner fibers 

with acute fibril bends and long tapered ends. Un- 

der the EM,  both the tactoids and the compound 

fibers were of variable length and composed 

of fibrils 1000 to 1400 A in width. In addition, 

there was a characteristic background feltwork 

of fibrils 200 to 1000 A wide, the narrower ex- 

amples bearing 220 A cross-striations. This was 

not seen in any other experiment. The 100-fold 

dilution (0.0005 per cent) of heparin failed to 

prevent macroscopic gelation, although the 

moderately heavy fibrous deposit contained a 

number of fibril bends and tapered ends. 

It  is well known that the stress produced during 

drying preparations for E M  examination tends to 

flatten any tiny object, such as a virus particle 

(11). The collagen fibrils of unfixed, normal, adult, 

human dermis remain cylindrical after drying (as 

determined by the shadow) and appear rigid. 

Because of their indefinite length, this rigidity may 

be partly due to "pinning down" by other col- 

lagen fibrils farther along the deposit but beyond 

immediate view. It  has been shown for repre- 

cipitated collagen (1) that altering the experi- 

mental conditions (in particular raising the tem- 

perature to 37°C.) produces long, rigid, cylindri- 

cal fibrils similar to those found in fresh dermis. 

In the present study, a similar precipitate was 

formed in the presence of CSA or keratosulfate 

FIGURES 10 to 12 

Replicated experiments employing DNA. 

FIGUIIE 19 

After 30 minutes using the whole dermal extract (!~T1), the deposit consisted of a heavy 

fibrous background with occasional non-striated filaments. After l hour scanty, striated 

taetoids appeared, but nothing was seen at the corresponding time intervals using the 
salt-extracted dermis (Y2). >( 20,000. 

FmunEs 11 and 1~ 

Illustrate the deposits after 3 hours using Dermis Y~ and Y1, respectively. The precipi- 

tate obtained from the salt-extracted material consisted only of the fibrous background 

and non-striated filaments (Fig. 11) whereas that obtained from whole dermal extract 

contained some wide, striated collagen fibrils and compound fibers in all stages of 

formation (Fig. 12). As the striated component increased the background material 
decreased in amount. X 20,000. 
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However, the control experiments, i.e., precipita- 

tion by phosphate buffer alone, gave wider fibrils 

which exhibited a tendency to aggregate laterally 

in one plane (sheet formation; compound fibers) 

instead of the usual bundling that occurs with 

narrower fibrils. Part of this apparent increase in 

width, therefore, could be due to lack of rigidity 

allowing an elliptical cross-section to form on 

drying. This emphasizes the importance of in- 

vestigating the incorporation of substances by 

collagen during its formation, their effects on the 

length, width, rigidity and stability of the result- 

ing fibril, and their potential physiological ap- 

plication. 

The collagen solution used in Part I of the 

present work had been prepared from salt-ex- 

tracted dermis (Dermis X). The fact that the addi- 

tion of one of the naturally occurring mucopoly- 

saccharides (CSA) to the depleted Dermix X 

speeded up precipitation (3) and produced a 

deposit resembling unfixed, normal adult, human 

dermis supports the view that CSA aids normal 

fibril formation. The histograms of fibril width 

(Fig. 16) from the CSA experiments confirm the 

qualitative data recorded in Table I. Wood (3) 

found that the rate of precipitation during the 

first 2 hours, using CSA b, differed from that pro- 

duced by CSA a and c. However, repeat E M  

experiments did not reveal any morphological 

difference in the deposit after 24 hours, all the 

purified samples of CSA giving a similar picture. 

Nonstriated background filaments were present 

in variable quantities in most of the deposits, and 

were similar to those found occasionally in the 

electron micrographs of reprecipitated collagen 

by various authors. It has been suggested that 

these filaments aggregate to form the striated 

fibrils (7, 12). Although a constant feature of all 

the D N A  experiments, they were quite different 

from the linear aggregates resembling branching 

"filaments" found in the air-dried sample of DNA 

alone. Many workers have published pictures of 

D N A  and nucleoproteins using varying methods 

of preparation (13-19), all showing the tendency 

of this viscous solution of high molecular weight 

to aggregate in this manner. 

As shown in Table II ,  both R N A  and DNA 

influenced the rate of formation of collagen as 

well as the number  and quality of the fibrils pro- 

duced. This confirms Wood's  investigations (3). 

Both the control and R N A  experiments rapidly 

formed a gelatinous precipitate, which remained 

macroscopically unaltered throughout the 24 

hours at room temperature. In contrast, the pres- 

ence of DNA prevented gelation and only al- 

lowed the late formation of a flocculent precipi- 

tate at 9 hours with the whole dermal extract 

(Y1), and a very slight opacity at 24 hours with 

the salt-extracted material (Y~) (Fig. 6). 

Under  the EM, the presence of RNA decreased 

the proportion of collagen typical of unfixed, 

normal, adult human dermis, and, unlike the 

controls, the deposits remained in the same re- 

FIG~TR~S 13 to 15 

Rel)licaled experiments employing DNA. 

FIGURE 13 

Illustrates some of the many long, wide, striated compound fibers and collagen fibrils 

seen after 9 hours utilizing the whole dermal extract (Y1). The fibrous background and 

the filaments had disappeared. At the corresponding time interval the salt-extracted 

experiments still contained non-striated filaments, and the compound fibers were not 

so long or so wide as with Dermis Yr. X 20,000. 

FIGURES 14 and 15 

The 24-hour deposit using the salt-extracted dermis (Y2) contained some compound 

fibers and numerous short, slender taetoids 600 to 1,000 A in width. Both the line 

fibrous background and scanty non-striated filaments were still present in some areas. 

The irregular longitudinal markings on the surface of the compound fibers in Fig. 14 

is due to cracking of the metal replica owing to the thickness of the fibers. The denser 

24-hour deposit employing Y, (not illustrated) was composed of large compound fibers 

and a background of narrow, striated fibrils. The thick compound fibers could not be 

adequately photographed, so only examples of moderate size are shown. X 20,000. 
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FIaURE 16 

Measurements of fibril width (by G. C. Wood) on the EM photographic plates of the prccipitates 

from the CSA and control experiments. CSA ! and 2 obtained from Evans Mcdical Supplics and L. 

Light and Co., respectively. CSA a to c supplied by K. Meyer. N = number  of fibrils measured in each 

experiment. There is no significant difference between the five CSA experiments, the most frcqucnt 

fibril width being 600 to 1000 A. The control showed a much wider distribution of fibril width 

(1,300 to 3,200 A), the majority measuring 2,000 to 2,800 A. 

tarded state th roughout  the 24 hours. These 

deposits were character ized by frequent  fibril 

bends believed due to an abnormal ly  pliable state 

of the fibrils as the suspension settled on the slide 

during drying. 

DNA  markedly interfered with the product ion 

of striated fibrils, this delay being much greater 

when  the salt-extracted dermis was used. At 24 

hours, there was a moderate  deposit of structures 

similar to those found with the whole dermal  

extract  (Yz), but  these were not so long, so large 

or so plentiful, and no striated background col- 

lagen fibrils were seen. Thus,  DNA not only pre- 

vents the rapid formation of the normal  long 

collagen fibrils found in the controls, but  gradually 

forms abnormal ,  short, wide compound fibers 

and  tactoids from a characteristic fibrous back- 

ground not found in the control  or R N A  experi- 

ments. However,  a small quant i ty  of similar back- 

ground material  was seen th roughout  the RNA 

exper iment  employing Dermis Y2, serving as an 

index of the retarded state of the deposits con- 

cerned. 

The fact tha t  the length of t ime the collagen 

solution has been stored before use affects the 

rate of collagen precipitat ion was briefly noted by 

Wood and Keech (1). The  extract  employed in 

Par t  I I  of the present study was prepared from 

freeze-dried, purified calf skin which had been 

stored for 9 months  and  from which it was be- 

coming increasingly difficult to extract  the soluble 

collagen, only 50 to 60 per cent being precipi tated 
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under the experimental conditions used. On  the 

other hand, the salt-extracted Dermis X used in 

Part I was freshly made, had not been stored, and 

was completely precipitated (l). This probably 

accounts for the less dense deposit of narrower 

fibrils in the control experiments of Part II  as 

compared with the denser control deposit of 

wider fibrils exhibiting lateral aggregation ob- 

tained from Dermis X in Part I (Figs. 3 and 9). 

Thus, as already stated, collagen grading is only 

valid for comparative purposes within a particular 

set of experiments using the same collagen extract, 

as the morphological details in each grade may 

differ if another solution of collagen is employed. 

A repeat series of EM experiments employing an 

uncontaminated sample of stored collagen solu- 

tion prepared from Dermis Y2 revealed a less re- 

tarded rate of collagen formation in the presence 

of DNA, although the deposit consisted of struc- 

tures similar to those recorded in Table II.  This 

may be related to the spontaneous precipitation 

that occurs very slowly in extracts stored at refrig- 

eration temperature (20). Although the stored 

extract used above had appeared clear and color- 

less to the unaided eye, it might have reached a 

physical state in which the DNA was less effective 

in delaying the reprecipitation of collagen. This 

serves to emphasize the importance of carefully 

repeating every aspect of experimental technique 

in order to obtain reproducible results. 

The present investigation of the precipitates 

formed at serial time intervals employing col- 
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