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A B S T R A C T  

The sequence of incorporation and utilization of tritium-labeled proline has been examined 
in healing wounds from normal and scorbutic guinea pigs. Linear incisions in the skin of the 
animals were allowed to heal for 7 days. Each animal  was given prolinc-H 3, and the wounds 
were excised 30 minutes, 1 and 4 hours, l, 3 and 7 days after proline administration. The 
tissues were fixcd in osmium tetroxide, fixed again in neutral buffered formalin, embedded 
in epoxy resin, and sectioned at 1 micron thickness. The sections were coated with nuclear 
track emulsion, exposed, developed, and stained. The results of grain counts were quanti-  
tared as the number  of counts per uni t  area overlying cells, fibers, etc. In  both groups thc 
proline reaches a maximum over thc fibroblasts within 4 hours and subsequently disappears 
from the cclls. Concomitantly, the prolinc reaches a maximum over thc collagen (in normal 
animals) and cxtracellular fibrillar material (in scorbutic animals) by 4 hours, where it rc- 
mains. The modified technique of radioautography used in this study allows not only resolu- 
tion of approximately 1 micron, but also minimal background, decreased artifact, and a clear 
scparation of the randomly situated clcmcnts within the wounds so that grain counting is 
facilitated. The results correlated with previous electron microscopic studies are consistent 
with the utilization of proline by the fibroblasts and its incorporation into collagen (in 
normal animals) and into the cxtraccllular, fibrillar, non-collagenous material seen i n  
scorbutic animals. 

I N T R O D U C T I O N  

Observations of the fine structure of fibroblasts 
in wounds removed from normal and ascorbic 
acid-deficient guinea pigs demonstrate that these 
cells contain an abundant  rough surfaced endo- 
plasmic reticulum (1, 2). This system of elements 
has been related to the synthesis of protein and is 
identical with the microsomes of cell fractionation 
(3, 4, 5). Keller, Zamecnik, and Loftfield (6) 
indicated the microsomal fraction to be the site 
of active incorporation of amino acids into protein. 

The radioautographic studies of Carneiro and 

Leblond (7) utilize this previously mentioned 
knowledge. These investigators studied the 
incorporation of tritium-labeled glycine into the 
dentin of the developing incisor, and into de- 
veloping bone of the mouse. The organic matrices 
of both bone and dentin are largely collagen. In  
both sites they found that the amino acid was 
taken up by the odontoblasts and osteoblasts 30 
minutes after administration, and subsequently 
was found in the dentin and bone, respectively, 
within 4 hours. 
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I t  is the  pu rpose  o f  these  s tudies  to es tab l i sh  

the  s e q u e n c e  of u t i l i za t ion  of t r i t i u m - l a b e l e d  

p ro l ine  in  h e a l i n g  w o u n d s .  T h e  e x a m i n a t i o n  of 

this  p h e n o m e n o n  in bo t h  s co rbu t i c  a n i m a l s  a n d  

a n i m a l s  fed a n o r m a l  d ie t  pe rmi t s  the  c o m p a r i s o n  

of  a con t ro l  s i t ua t i on  w i t h  a s i tua t ion  in w h i c h  

co l l agen  synthes i s  c a n  be specif ical ly  abo l i shed .  

I n  the  p r e sen t  s tudy ,  the  p h e n o m e n o n  is e x a m i n e d  

w i t h  a mod i f i ed  r a d i o a u t o g r a p h i c  t e c h n i q u e  

w h i c h  p rov ides  no t  on ly  reso lu t ion  of ca. 1 mic ron ,  

b u t  also dec r ea sed  ar t i fact ,  as well  as a c lear  

s e p a r a t i o n  of  cells f r o m  each  o t he r  a n d  f r o m  the  

ex t r ace l lu l a r  m a t e r i a l s  f o r m e d  d u r i n g  the  process 

o f  f ibroplas ia .  

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

Animal  Preparation and Wounding 

W o u n d  hea l ing  was observed in two groups of fe- 
male  gu inea  pigs (four animals  per group)  weighing  
250 to 300 g rams  each. All of  the  an imals  received 
initially the  same  diet (Nutr i t ional  Biochemicals) ,  con- 
t a in ing  20 m g  of ascorbic acid per 20 g m  of diet, 
to accus tom them to the  consistency of the  food. 
After  5 days the  second group  was switched to an 
identical  diet,  save for a comple te  absence of ascor- 
hie  acid. After  the  animals  had  been  on their  re- 
spective diets for 8 days,  the  ha i r  was removed  from 
the dorsal  skin and  8 l inear  incisions approximate ly  
1 cm long were made .  T h e  wounds  were allowed to 
heal  by first in tent ion  for 7 days. At  this t ime each 
an imal  was given L-pro l ine-3 ,4-H s, int raper i toneal ly  
(New E n g l a n d  Nuc lea r  Corp.) (either 8 •c/gm body 
weight ,  or 12 t~c/gm body  weight) .  T h e  tissue was 
removed  by taking an ellipse of skin a round  each 
wound  at 30 rain., 1 and  4 hours,  1, 3, and  7 days 
after adminis t ra t ion  of the  prol ine-H 3. T h e  wounds  
were then  cut  transversely with sharp  razor 
blades into small  cubes approximate ly  2 m m  
in dimension,  and  were fixed and  processed as 
previously s tated for electron microscopy (1). 
Sections approximate ly  1 mic ron  thick were cu t  on 

the  Por ter -Blum micro tome with glass knives. In-  
dividual  sections were floated out  on clean glass 
microscope slides. Excess water  was removed  and  the 
slides were dried on a hot  plate to firmly fix the  section 
to the  slide. U p o n  complet ion of all of  the  sectioning, 
each slide was coated with nuclear  t rack emuls ion 
(Eas tman,  NTB-3) .  T h e  emulsion was hea ted  to 
40°C, a drop of emulsion was placed on one end  of 
the  microscope slide, and,  util izing surface tension, 
the  emulsion was spread with a glass rod as uniformly 
as possible over the  entire slide, inc luding  the  tissue 
section. T h e  slides were air dr ied and  stored in a 
l ight- t ight  box conta in ing  a small  a m o u n t  of Drierite. 
After exposure for periods of 6, 8, and  10 weeks (for 
animals  receiving 8 /zc /gm body  weight) ,  and  4, 5, 
and  6 weeks (for animals  receiving 12 /zc /gm body 
weight) ,  the slides were developed in Dektol for 2 
minutes  and  fixed for 2 minutes .  T h e y  were then  
washed for 30 minutes  and  air dried. After drying,  
each slide was individual ly s ta ined with azure I I -  
methylene  blue (14). 

T h e  n u m b e r s  of  grains overlying cells, collagen, 
and  extracellular  mater ia l  were then coun ted  in the  
following m a n n e r :  R a n d o m  pho tomicrographs  were 
taken of the  wound  areas us ing the Zeiss photoscope 
at a magnif icat ion of 400. Sections f rom two blocks 
of each w o u n d  were examined  and  photographed .  
Five r a n d o m  photomicrographs  were taken of each 
wound,  and  all pictures were enlarged five times. 
Similar pictures were taken of five areas immedia te ly  
adjacent  to the sections for background  count ing.  T h e  
pictures were divided into quad ran t s  to facilitate 
grain count ing,  and  the n u m b e r s  of grains were 
counted  over nuclei  and  cytoplasm,  extracel lular  
space, collagen, (extracellular mater ia l  in scorbutic 
wounds) ,  erythrocytes,  capillaries, and  all o ther  
elements.  A clear plastic sheet  conta in ing  a gr id  with 
180 intersections was placed over each picture,  and  
the  relative area occupied by cells, fibers, and  extra-  
cellular space was determined.  F rom this the  abso- 
lute n u m b e r s  of  grains over ce l l s /uni t  area,  f ibers /uni t  
area, etc. were determined.  These  counts  were then  
corrected for background  by subt rac t ing  the  m e a n  
counts  of the background  for each section f rom the 
total numbe r s  of counts  de te rmined  for the  different 

FIGURE 1 

An electron mic rograph  of a 7-day wound  from a no rma l  animal .  Two  fibroblasts (F) 
with their  extensive endoplasmic  re t icu lum (er), mitochondr i a  (m), and  per iphera l  in- 
t racytoplasmic aggregates of  f i laments  (f) are cont ras ted  with a second cell type wh ich  
lacks these characterist ics and  contains  a m u c h  denser  cytoplasmic matr ix .  T h e  Golgi 
complex  (G) and  mi tochondr ia  (m) of this cell are also apparent .  Centrioles (ce) are 
seen in this cell as well as in one of the  fibroblasts. A m e m b r a n e - b o u n d e d  space (arrow) 
conta in ing  collagen fibrils is in terpre ted  to be an invagina t ion  of extracel lular  space 
into this cell. T h e  extracel lular  spaces conta in  large n u m b e r s  of collagen fibrils (c) cu t  
both  transversely and  longitudinally.  X 20,000. 
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elements. Hence, at every time interval the corrected 
counts per unit area occupied by cells, fibers, etc. were 
determined in each case. 

Criteria for Determination of the Scorbutic 
State of the Animals on the Scorbutigenic Diet 

The epiphyses of the long bones and the odonto- 
blasts of the teeth of each animal were examined as 
in the previous work (2) to ascertain that the animals 
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FIGURE 

These graphs are a composite of the numbers of 
counts obtained from the normal and scorbutic 
animals, respectively, after 5 weeks' exposure of the 
slides. The points represent means, and the bars 
standard errors of the mean. The abscissa repre- 
sents the time periods after intraperitoneal injec- 
tion. The major differences noted between the 
normal and scorbutic animals are (a) a decreased 
rate of uptake and release of the label by the scorbu- 
tic fibroblasts as related to the controls; (b) a de- 
creased rate of uptake by the scorbutic fibrillar 
material as compared to the collagen during the 
early time periods; and (c) a decrease in the amount 
of label in the collagen contrasted with an increase 
in the scorbutic fibrillar material from the 3rd to 
the 7th day. 

receiving the ascorbic acid-deficient diet were truly 
scorbutic. 

O B S E R V A T I O N S  

Animals on Normal Diet 

Electron micrographs (Fig. l) typical of the 
cell types seen in wounds from normal  animals 

demonstrate the extensive rough sufaced endo- 
plasmic reticulum of the fibroblasts and the peri- 
pheral filamentous aggregates previously de- 
scribed, as well as the numerous extracellular 
collagen fibrils seen in 7-day-old wounds (1). 

The results of the grain counts from the control 
wounds following the administrat ion of proline-H ~ 
are recorded in the graph in Fig. 2. The appear-  

ance of these wounds is as follows: 
At 30 minutes the majority of the fibroblasts 

display grains located over their cytoplasm. A few 
grains are present over the collagen and extra- 
cellular space. By 1 hour, the number  of grains 
over the cells is markedly increased concomitant  
with an increase over the collagen fibers (Fig. 3). 
By 4 hours, the number  of grains over the cells 
has reached a maximum, as has the grain density 
over the collagen fibers as indicated by the means 
which are not significantly different from each 
other  as shown by the bars which represent the 
s tandard error of the mean. By 24 hours, the 
grain density is markedly decreased over the cells 
while it remains at a high level over the collagen 
fibers. From the 1st day on, the number  of exposed 
grains remains relatively stable over both cells and 
collagen. By the 7th day after proline-H 3 adminis- 
tration, the location of grains over ceils and col- 
lagen appears similar to that  at the 24-hour period 
(Fig. 4), with some decrease in the total counts 

over both. 
Thus, proline appears to enter into the fibro- 

blasts by 30 minutes and reaches a maximum by 
4 hours. However, by 1 hour the radioactivity has 
already appeared in the cxtracellular material. 
By 24 hours, the bulk of the radioactivity is 
present in the extracellular material, where it 
remains. 

Animals on the Scorbutigenic Diet 

An electron micrograph (Fig. 5) of a 7-day-old 
wound from a scorbutic guinea pig demonstrates 
the " rounding  up"  of the endoplasmic reticulum 
of the fibroblasts and the presence of large amounts 
of filamentous material, not identifiable as col- 
lagen, in the extracellular spaces. 
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FIGURE 

This light micrograph displays a representative region of a control wound  1 hour after the administra- 
tion of proline-H a. The  majority of silver grains are present over the fibroblasts. The  somewhat  fuzzy 
appearance is due to the fact that  neither the grains nor  the cells are in true focus. X 2000. 

FIGURE 4 

A light micrograph from a representative region of a control wound  7 days after proline-H 3 adminis- 
tration. The  majority of silver grains are present over the collagen fibers rather  than the cells, in con- 
trast to the 1 hour  time period. X 2000. 



FIGURE 5 

This  electron mic rog raph  is f rom par t  of  a 14-day scorbutic  wound.  A fibroblast  (F) is j ux taposed  
against  a m a c r o p h a g e  (MAC). T h e  fibroblast is character ized by its r ounded  cisternal  profiles (er), 
lipid deposits (/), and  in t racytoplasmic  f i laments  (f). Cisternae of endoplasmic  rc t icu lum (er) and 
small  vesicles are seen in the  macrophage .  T h e  extracel lular  spaces conta in  the  n o n - b a n d e d  fibril- 
lar mater ia l  (fb) so characteris t ic  of  the  scorbutic wounds  from the 3rd day  on.  X 32,000. 
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FmURE 6 

A light micrograph from a representative region of a scorbutic wound 4 hours after prolinc-H 3 admin- 
istration. The  majority of the silvcr grains arc present over thc fibroblasts. X 2000. 

FIGURE 7 

A light micrograph from a rcprcscntativc region of a scorbutic wound  7 days after prolinc-H a adminis- 
tration. The majority of silver grains arc prcscnt over the cxtraccllular fibrillar material. A fcw cryth- 
rocytcs (arrow) can bc sccn to bc labeled as well. X 2000. 
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The sequence of events in the scorbutic animals 
is similar to that seen in the controls, but the rates 
of uptake and release of proline-H 3 are slowed. 
The results of the grain counts from this group 
are represented in Fig. 2. 

At 30 minutes and 1 hour the majority of the 
fibroblasts display grains overlying their cyto- 
plasm. A few grains are present over the extra- 
cellular material. By 4 hours the grain density 
over the cells increases to a maximum approxi- 
mating that seen after 4 hours in the control 
animals (Fig. 6). At 24 hours the proline concen- 
tration decreases in the cells and is increased in 
the extracellular dense material previously 
described. The cells in the wounds at this stage 
appear to contain more label than those in the 
24-hour wounds from the control animals. After 
24 hours the grain density decreases over the cells 
and slowly increases to stabilize eventually over 
the extracellular material. By the 3rd day the 
number  of counts over the cells is relatively low 
while it is intense in many regions over the extra- 
cellular material and appears to increase slowly 
to the 7th day (Fig. 7). 

Hence, in scorbutic animals the processes of 
entry of proline into the cells and exit from them 
to the fibrillar, extracellular material differ from 
those in control animals only in the delay in 
uptake and slower release of this amino acid by 
the cells. I t  is significant that the label is apparently 
bound in some fashion within the extracellular 
material. In  both groups of animals, the mean 
numbers of counts per unit area of cells and 
fibers were of a similar order of magnitude at 
most of the time periods examined except during 
the period from 3 to 7 days. 

D I S C U S S I O N  

The observed apparent  march of the proline 
through the cells and into the extracellular 
material coupled with the electron microscope 
observations are consistent with the following 
conclusions: (a) In guinea pigs fed a normal diet, 
the fibroblast synthesizes the collagen unit and 
secretes it into the extracellular space where 
fibril aggregation takes place. (b) In scurvy, 
the fibroblast also utilizes proline in the synthesis 
of a material which appears as a filamentous 
non-banded substance in the extracellular space. 

Proline and hydroxyproline together constitute 
approximately 25 per cent of the collagen mole- 
cule. In 1944, Stetten and Schoenheimer (8) 
showed that upon administration of proline-N ~5 

to rats a significant amount  of hydroxyproline in 
forming collagen was labeled within 3 days. 
Stetten (9) found later that hydroxyproline-N is 
was not utilized in the formation of collagen in 
these animals. From these experiments, she 
concluded that collagen hydroxyproline was 
derived from proline destined to be both proline 
and hydroxyproline. Smith and Fitton-Jackson 
(10) subsequently supported Stetten's conclusions 
when they found that chick osteoblasts in tissue 
culture were able to convert proline-C 1~ to hydrox- 
yproline-C TM. Administration of large amounts of 
unlabeled hydroxyproline did not affect the 
conversion and incorporation of the C x4 into 
hydroxyproline of the collagen formed by these 
explants. With the knowledge that the fibroblast 
contains the morphologic apparatus associated 
with protein synthesis, Lowther, Green, and 
Chapman (11) and Eastoe (12) performed cell 
homogenization and fractionation with a bio- 
chemical assay of the resultant fractions. The  
former investigators also examined the uptake of 
proline-C 14 by these fractions and found a sig- 
nificantly higher specific activity of labeled 
hydroxyproline in the microsomal fraction. 
Peterkofsky and Udenfriend (13) demonstrated 
that fortified microsomes in a cell-free system 
from chick embryo homogenates were able to 
convert proline to hydroxyproline, which was 
found in microsomal protein. Since proline serves 
as the source for both collagen proline and hydrox- 
yproline, it is an excellent agent with which to 
study collagen synthesis radioautographically. 

The radioautographic observations described 
here show no difference in the amount  of label 
taken up by the fibroblasts of scorbutic wounds 
when compared to the fibroblasts in the control 
wounds. However, a difference in the rate of 
uptake and release of the label by the scorbutic 
cells was observed in our studies. The  rough 
surfaced endoplasmic reticulum is extensively 
developed in both groups of cells although altered 
morphologically in scurvy. In the scorbutic 
fibroblasts this system of elements appears in the 
form of rounded vesicular structures rather than 
as a continuous system of channels (2). The 
relation of this system to protein synthesis (3-6, 
i1, 12), the lack of intracytoplasmic collagen 
fibrils, and the passage of the isotope are con- 
sistent with the synthesis, release, and extracellular 
aggregation of the precursors into fibrils in both 
cases. 

It  is not clear whether, after a period of time, 
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the label represents exclusively proline or hydroxy- 
proline and  glutamic acid as well (which can be 
derived from proline). This information is neces- 
sary in order  to unders tand  the relat ionship of 
the hydroxylat ion of proline to collagen fibril 
aggregation.  As yet we have no definitive informa- 
t ion on this matter .  There  is controversy as to 
whether  hydroxyla t ion of proline occurs in 
scurvy where collagen format ion can be specifically 
abolished (15-18). Fur the r  evidence as to the 
validity of the above conclusions will require 
separation,  identification, and  analysis of the 
fibrillar mater ia l  present  in the scorbutic wounds. 
At  the moment ,  it seems unlikely tha t  the proline- 
H a would be adsorbed merely to the collagen, or 
to the scorbutic fibrillar material ,  as we would 
expect any adsorbed or loosely bound  mater ia l  
to be lost dur ing  the processes of fixation, de- 
hydrat ion,  and  embedding.  

Finally, ment ion  should be made  of the tech- 
niques used for rad ioau tography  in this work. 
The  use of epoxy resins allows th in  sections which 
are stable and  contain  no tears or gross defects. 
Such sections permi t  clear morphologic separat ion 
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