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PREFACE 

It is a sign of the times that of the thirty-one participants at the three-
day symposium on protein metabolism reported in this volume only two 
described themselves as biochemists, while the others were cytologists, 
histologists, or pathologists. The common denominator of the participants 
was their interest in the tracing of labeled proteins with the help of 
photographic emulsion, that is, by the technique called radioautography 
or autoradiography. This technique enables us to locate proteins at the 
site of their synthesis and also to follow their subsequent migration 
through the cell, thus providing a novel insight into secretion and other 
processes. Indeed the continuous synthesis of proteins in all cells through
out the body suggests that protein turnover is a basic feature of life. 
It is hoped that the reader of these proceedings may share some of the 
excitement that was felt during the entire symposium. 

The symposium received generous support not only from its original 
sponsor, the International Society for Cell Biology (through Dr. J. F. 
Danielli), but also from the International Union of Biological Sciences 
(through Dr. M. Chevremont), and particularly from the Medical Re
search Council of Canada (through Dr. J. Auer). We should like to thank 
Mrs. R. Neutra for editing the discussions. A small exhibit of early his
tology books was provided by the Osier Library of McGill University 
and was symbolically placed underneath a diagram depicting the latest 
advances in the biochemical knowledge of protein synthesis. 

November, 1965 C. P. LEBLOND 

Vll 



OPENING ADDRESS 

LEONARD F. BELANGER 

Department of Histology and Embryology, University of Ottawa, Ottawa, Canada 

Reminiscing is a function of old age, but it may help salvage a few choice 
items of life. I refer presently to things like dreams of youth, memories 
of a few days ending in the golden sunset of success, thoughts of former 
associates and colleagues, the warm glow of friendship, the stimulus of 
admiration . . . . 

I have been asked to open the memory file at the item Radioautog-
raphy, to all of us a magic word, to some a definite turn in their lives, 
to the world, a new toy and joy. 

To many here, this McGill meeting has meant coming home. To me, 
this flight into the past will span almost 20 years, to the days when not 
far from this room, I was initiated into the mysteries of the unstable 
atom. 

It was on a bright and crisp Saturday of February 1946 that the pic
ture now on the screen was first visualized (Figs. 1 and 2) . This image 
in which, for the first time [2], the radioautographic record of 32P was 
integrated with that of a biological radiating source, was to Charles 
Leblond, an old hand at this sort of thing, simply another step forward. 
To me, however, the impact of this first personal experience with atomic 
energy has been a source of constant wonderment. I remember that go
ing back to the biblical background of my youth, I thought then of the 
message written in letters of fire, in the great hall of the wicked old 
Assyrian king. Here was another message written this time in the photo
graphic emulsion, by the fire which had been from the beginning. 

Contrary to the writing on the wall, this fire was not recording a 
message of doom but one of life. For the whole world to see, the section 
of tissue had written in the emulsion a story in black dots. It was spelling 
out secrets of synthesis, movement, life-span. A few years later, Charles 
Leblond was to speak in terms of "Dynamic Histology" to deal with the 
rapidly accumulating data, some of them unbelievable to the eyes and 
ears of the rigid classical anatomists. 

The McGill integrated radioautographs were produced by coating the 
histological sections with melted photographic emulsion scraped from 
lantern slide plates [2]. Some of the background fog present in the early 
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2 LEONARD F . BELANGER 

radioautographs, I remember now, was the result of the early radioautog-
rapher having to share the dark room with a phototechnician, a chain
smoking giant who insisted that his cigarettes were producing "only a 
little bit of light" 

Before our days, there had been, of course, a half century of contact 
radioautography in which the names of Becquerel, London, Lacassagne, 
Hamilton, and Leblond have been landmarks [5]. 

Other procedures for the production of integrated radioautographs 
were soon to appear, reminding one that a thing not done at a given time 
and place soon will be done elsewhere and that scientific thought is a 
moving train into which one must jump at the right moment. These 
techniques were the ingenious stripping film method of Pelc [15], the 
easy mounting method of Evans [9], the practical dipping process of 
Joftes and Warren [12], and many variants. Looking back at the titles 
of this literature with a nonprofessional eye, one could easily think of it 
as joyfully concerned with an altogether different type of activity! 

The first 5 years of the integration era were mostly and almost forcibly 
devoted to bone and tooth work, on account of the labeling substances 
available: 3 2P04, 45CaCl2, 35S04. There were also at that time new prob
lems for humanity, supplying automatically the tools with which to in
vestigate them. Plutonium, strontium, cesium took their place in the 
radioautography literature. The names of Arnold and Jee [1], Copp, 
Axelrod, and Hamilton [8], Comar, Lotz, and Boyd [6] became known 
in radioautography. 

At McGill and elsewhere, history was made in thyroid physiology 
through 131I radioautography. In evidence were the names of Leblond 
and Gross [13], Gorbman and Evans [11]. 

In Chicago, Bloom, Curtis, and McLean [4] had started to use radio
carbon in the form of 1 4C02. Leblond, Stevens, and Bogoroch [14] were 
soon to utilize 32P as a label for deoxyribonucleic acid (DNA). In Eng
land, Pelc and Howard [16] applied the same isotope to studies of 
chromosome metabolism. 

At this time, the first meeting of radioautographers was called. It was 
a combination course and symposium for the benefit of U.S. Atomic En
ergy Commission workers and grantees. This meeting was organized by 
the Oak Ridge Institute of Nuclear Studies with George Boyd as principal 
catalyst. Into the inferno of the Atomic City came some of the "veterans" 
and also the first students. In the picture (Fig. 3), we can recognize 
Pelc, Arnold, Boyd, Lotz, Leblond, Rita Bogoroch, and others . . . . 

The Oak Ridge meeting consisted mainly of papers on theory and 
technique. As a follow-up, the first textbook on the subject was published 
by George Boyd 4 years later under the title "Autoradiography in Biology 



FIG. 1 (left). Methylene blue stained radioautograph of tail vertebra from newborn mouse injected with 32P-phosphate ( X 50) . 
Three (blue stained) cartilaginous vertebrae are separated by whitish, unstained intervertebral discs. The central vertebra is over
laid by a heavy radioautographic reaction in its middle portion where bone coated cartilage spicules take up labeled phosphate. 

FIG. 2. ( r ight) . H and E stained radioautographs of the lower jaw region of a newborn mouse injected with 32P-phosphate ( X 50) . 
The U-shaped black band is due to heavy radioautographic reaction over the mandible, as there is heavy uptake of labeled phosphate 
by the trabecular bone of the mandible. The center of the picture shows two (right and left) anterior molar tooth buds within which 
a thin black crescent may be seen. This is due to uptake of labeled phosphate by dentin [both radioautographs from ( 5 ) ] . 



OPENING ADDRESS 3 

and Medicine" [5]. Radioautographs, autoradiographs, histoautoradio-
graphs, autoradiograms, autographs, whatever they were called and 
pretty and exciting as they were, did not allow, in general, more than a 
histological definition. Single cell records were achieved mainly with 
fortunate isolation or dispersion and one of the conclusions of the Oak 
Ridge session was that there was little hope for radioautographic records 
of intracellular constituents. 

FIG. 3. The Faculty, First Course in Radioautography, Oak Ridge, 1951 (from 
the left): Pelc, Belanger, Arnold, Boyd, Lotz, Leblond, Fitzgerald, Rita Bogoroch. 

However, one "student" on that course was to contribute a new tool 
to radioautography which changed this situation altogether. Here, sit
ting with the faculty (Fig. 3) , is Patrick J. Fitzgerald, the man who was 
to give us tritium [10]. 

In 1958, Dr. Fitzgerald was to call another meeting, the Rye Con
ference [7]. Thirty-eight guests were present at that gathering. Some of 
the participants talked on bone and techniques, but the general trend was 
biochemical this time: nucleic acids, proteins, mucopolysaccharides. 
Carbon-14 and Sulfur-35 had produced superb data in the hands of such 
people as Pelc, Lajtha and Oliver, Adrienne Ficq [7], but these in
vestigators as well as Cronkite et al., Fitzgerald and Vinijchaikul, 
Leblond et al., Painter and Drew, Plaut, Woods, and Taylor [7] brought 
out a magnificent series of tritium records which definitely established 
radioautography as a choice method for cell physiology investigations. 
I would like to quote Dr. Fitzgerald in his opening remarks: "A true 
synthesis of function varying with Cytologie change and vice versa, is not 
impossible nor out of place in this dynamic morphologic world of ours 
and autoradiography is uniquely fitted for such studies" [7]. 

The impact of tritium and especially of 3H-thymidine on radioautog
raphy has been well illustrated by the following curves presented by 
W. Maurer at the recent Congress of Histo- and Cytochemistry at 
Frankfurt (Fig. 4) . 

Another very important technical advance was introduced at the 
Rye meeting: commercially available, heavily loaded nuclear emulsions. 
Belanger, Cronkite et al., Dziewiatkowski and Woodard, Ficq, Levi, and 



4 LEONARD F. BELANGER 

Nielsen, Joftes, Leblond et al.9 Swann et al. [7] reported data obtained 
with these fine-grained, precision emulsions which from then on were 
here to stay. 

Six more years have rolled by in the world of the unstable atom or 
should we say in the unstable world of the atom and here we are, back 
where it all started, in old McGill. McGill University which took part 
in the launching of the atomic age, having been for a time the home of 
Lord Rutherford, is now host to this meeting in which the role of radio-
autography in the study of protein synthesis will be discussed. 

Only 
H -thymidine 

/ 
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o/ , 
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1963 1963 
FIG. 4. The growth of radioautography from 1946 to 1963 (W. Maurer) . 

How nice to be able to meet here, in the realm of my old friend and 
master Charles Leblond, such distinguished colleagues as Pat Fitzgerald 
and Steve Pelc, both still painting the sky of radioautography with sun
shine. It is also a rare privilege to welcome here such distinguished bio
chemists, cytologists, and histochemists as Drs. Allfrey, Chevremont, 
Danielli, Goldstein, Koburg, and Prescott. 

It is highly significant to have with us also the tritium radioautogra-
phers, Drs. Carneiro, Droz, Everett, Greulich, Nadler, Brigitte Schultze, 
Tonna. With beautiful preparations and oh! what patience! they have 
contributed to establish radioautography as a quantitative method of 
analysis. 

Privately, I have been wondering as to what may happen to the 
descendants of these disciples of quantisation after several generations 
of grain counting, especially if grain counters happen to intermarry . . . 

Last but not least, I greet the new crew of electron microscope radio-
autographers, Granboulan, Revel, Ross, Huberta Van Heyningen, and 
Miriam Salpeter. Their presence will give to the McGill meeting a special 
orientation. If Oak Ridge (1951) has been the histological phase of radio
autography, if the Rye meeting (1958) has marked the beginning of the 
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cellular era, the present session will probably be remembered as the time 
when radioautography invaded the realm of electron microscopy. 

A few years ago, an important commercial firm took a dim view of 
some of our efforts: 

Others find this breadth of choice too narrow. Only with liquid 
emulsion, these brave souls plead, can they get the radiosensitive 
layer exactly where they want it and as thick or as thin as they 
want it. But we, who have worked with liquid emulsion for 75 
years, know what delicate, perishable, and variable stuff it is 
and that its handling is no whit less important than its composition 
and compounding." 

It was nice to see in 1964 this more enthusiastic salute to results ob
tained by Dr. Salpeter: 

"A work of art! . . . 
"May the marriage of radioautography and electron micrography 
prosper." 

Let us not forget, however, that if a marriage occurred, it took place 
some 18 years ago. Now the prosperous mature couple, the partners in 
integrated radioautography, the tissue section and the emulsion, have 
moved into a new home, the palatial quarters of electron microscopy. 

This is one more era of radioautography, but the preceding ones are 
far from revolved and exhausted. Much will still be done at the light 
microscope level. In the words of William Blake [3]: 

"I see the Past, Present and Future existing all at once, Before me." 
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STATE OF LIGHT AUTORADIOGRAPHY 

S. R. PELC, T. C. APPLETON, AND M. E. WELTON 

Medical Research Council Biophysics Research Unit, 
Department of Biophysics, Kings College, 

London, England 

INTRODUCTION 

Although radioactivity was discovered by means of autoradiography, this 
method of detecting and measuring emitted ionizing particles was not 
used to a great extent in biology because the naturally occurring unstable 
elements are relatively rare and of high atomic weight. As soon as arti
ficially produced isotopes of interest to the biologist became available, 
autoradiography was taken up and three techniques giving improved 
resolving power were published within 1 year. A theory of the process 
was produced, the predictions of which proved to be valid guides for 
evaluating autoradiographs. 

For most applications the specimens are fixed, embedded, washed, 
etc., before applying the photographic emulsion. Labeled compounds 
soluble in the agents used are removed, and therefore the distribution 
of labeled precursors in cells was not explored and no work on synthesis 
of soluble proteins, fat, etc., could be undertaken. Various techniques 
allowing the retention of soluble labeled compounds were designed and 
it can be hoped that this field of investigation will now be extended. 

RESOLVING POWER 

The resolving power has been defined as the distance from a source 
of radiation at which the grain count declines to one half [7] or as the 
smallest diameter (d) of two labeled discs separated by a distance d 
which still gives two distinct images [17]. In high-resolution autoradiog
raphy, single grains, rather than continuous densities, are observed and 
therefore resolving power has to be regarded as a statistical concept. 

The factors affecting resolving power are: the geometrical arrange
ment of the sources of radiation and the photographic film, the size of 
the photographic grains, and the energy of the ionizing particles emitted 
by the isotope. 

Computations have shown that the resolving power is approximately 
equal to one half of the sum of the thickness of the specimen plus the 

9 



10 S. R. PELC, T. C. APPLETON, AND M. E. WELTON 

thickness of the photographic emulsion, if these are approximately equal 
and if scatter and absorption of particles can be neglected. The calcula
tions also show that any gap between the specimen and the emulsion 
seriously affects the resolving power if such a gap is bigger than 0.1 μ. 

The original target for the ionizing particles is silver bromide grains, 
usually 0.2-0.3 μ in diameter. Exposed grains are reduced to metallic 
silver by the developer. It is not known whether the developed silver 
grain is in exactly the same position as the original crystal or whether it is 
displaced. The total uncertainty in localization due to grain size is there
fore of the order of twice the diameter of the original crystal, say 0.4 
to 0.6 μ. 

As long as the range of the ß-particles emitted by an isotope such as 
32p o r i3ij j s J a rge compared with the thickness of film and specimen, 
their energy does not affect the resolving power. For lower energies the 
improvement is considerable, especially when tritium with a maximum 
energy of 18 KeV is used. 

TECHNIQUES 

Originally only the apposition technique was available. The disad
vantages of this technique are poor resolving power and difficulty in 
realigning the specimen and the image. Techniques utilizing differences 
in grain concentration allowing permanent contact between the specimen 
and the emulsion were designed by Belanger and Leblond [4] (coating 
technique), Endicott and Yagoda [9] (floating technique), Pelc [20] 
(stripping film technique), Belanger [3] (inverted autographs), and 
Joftes [16] (dipping technique). Track autoradiography was pioneered 
and developed by Boyd and Levi [5] and Ficq [10]. At the present time 
most workers use either the stripping film technique or the dipping tech
nique. The relative advantages of these techniques are set out in the 
following paragraphs. 

SENSITIVITY 

The thickness of the photographic emulsion cannot be adequately 
controlled when the dipping technique is used and therefore no generally 
applicable data are available. For Kodak AR. 10 stripping film the figures 
are set out in Table I. Since the ß-particles emitted by 3H do not pene
trate beyond the first layer of silver bromide crystals, the thickness of the 
emulsion will not be of great importance when this isotope is used. 
Baserga and Nemeroff [2], in comparing the two techniques with 3H-
labeled tissues, found stripping film to be 15 per cent more sensitive for 
exposures in air and 36 per cent for exposure in C02. 
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TABLE I. Sensitivity of AR.10 Stripping Film 

Isotope 
32p 

131J 

59Fe 
14C 

»H 

Maximum energy 
(MeV) 

1.7 
0.25-0.82 
0.26-0.46 

0.15 
0.018 

Grains per 
ß-particlea 

0.78 ± 0.1 
1.8 ± 0 . 2 
1.6 ± 0 . 3 

1.8 
0.85 

μμο/100 grains/ 
day0 

0.080 
0.034 
0.039 
0.034 
0.074 

a Average number of developed grains per incident ß-particle. 
& The amount of radioactive material (in μμο = 1 0 - 1 2 c ) in a volume showing 

100 grains after 1 day exposure. Valid only if the specimen is sufficiently thin to 
neglect absorption within the specimen. For exposure times comparable with the 
half-life of the isotope, radioactive decay has to be taken into account. For 3 H the 
values can be used for a specimen of up to 0.1 μ thickness; for thicker specimens 
it can be assumed that 100 grains per day represents a concentration of approxi
mately 27.5 μμο in a layer of organic matter 6.75 mg/cm 2 thick. 

LATENT IMAGE FADING 

Lord [18] investigated latent image fading (see Table II) of Ilford 
K5 and Gevaert 7.15 emulsion, with and without the use of a drying 
agent, by exposing 3H autoradiographs prepared by the dipping tech
nique for various periods of time (Ilford K5 and Gevaert 7.15), and by 

TABLE II. Latent Image Fading with Dipping Technique Calculated as 
Percentage Loss of the Value Expected Without Fadinga 

Emulsion 

Ilford K5 
Gevaert 7.15A 
Gevaert 7.15B 

With silica 

2 weeks 

5 
7 

23 

gel 
5 weeks 

29 
46 
44 

Without silica gel 

2 weeks 

19 
1 

15 

5 weeks 

52 
29 
36 

a Calculated from Figs. 4, 8, and 9 of Lord [18]. 

removing the labeled cells after 1 week exposure and then storing the 
exposed emulsion for up to 5 weeks (Gevaert 7.15A). It is difficult to 
interpret the data since Ilford K5 shows less fading when a drying agent 
is used, whereas Gevaert 7.15 shows more. It can be concluded that with 
the dipping technique a loss due to latent image fading of 5-20 per cent 
after 2 weeks exposure and 29-50 per cent after 5 weeks exposure has to 
be taken into account and that therefore exposure times of more than 
10-15 weeks no longer yield appreciably heavier autoradiographs. 

Latent image fading in Kodak AR. 10 stripping film was investigated 
by exposing stripping film, mounted emulsion side outward, to standard 
14C-labeled methacrylate discs of varying specific activities in such a 
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way that equal densities would be expected if no fading occurred. For 
example, a source emitting 2.6 X 104 ß per cm2 per minute was exposed 
for 3 days and another source emitting 2.6 X 103 ß/cm2/minute was 
exposed for 30 days. The difference in the densities is a measure of fad
ing. Figure 1 shows that there is no appreciable fading of the latent 
image with Kodak AR. 10 stripping film under our experimental conditions. 

100% 

50% 

Refrigerator -1- 4°C Cryostat -25°C 

FIG. 1. Latent image fading. A, Taken as 100 per cent exposure for 3 days 
to 100 X source, developed immediately. B, Exposure as for A, but film stored for 
27 days before developing. C, Exposure for 30 days to 10 X source, developed im
mediately. A, B, and C all developed together, and their optical densities measured 
on a microdensitometer. D, Taken as 100 per cent; exposure for 1 day to 100 
X source, developed immediately. E, Exposure for 100 days to 1 X source, de
veloped immediately. D and E developed together and grain counted. 

Specification of standard 14C-methacrylate sources. 1 X: Specific activity 0.1 μο/ 
gm of polymer Code CFP1; 10 X: specific activity 1.0 μΰ,^ιη of polymer Code CFP2; 
100 X: specific activity 10.3 μΰ/gm of polymer Code CFP3. 

Supplied by the Radiochemical Centre. 

The reason for the marked difference in fading between AR. 10 strip
ping film and the emulsions used by Lord is not clear. It may be due 
to the difference in treatment: floating out on water at 21 °C in the strip
ping film technique versus diluting and melting the emulsion at 45-50°C 
in the dipping technique. Ray and Stevens [24] found fading of the 
latent image in Kodak AR. 10 stripping film that had not previously been 
removed from its original base, but none in stripping film transferred 
to a microscope slide in the usual way and exposed to 131I in an atmos-
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phere of nitrogen or carbon dioxide. The difference between their experi
ments and ours was in the isotope, duration of the exposures, and the 
densities. 

PREPARATION OF AUTORADIOGRAPHS 

More equipment is needed for the coating technique than for the 
stripping film technique. Although presenting no difficulties to persons 
with reasonable dexterity, stripping film was found more difficult to 
handle by some workers. Once the photographic emulsion has been 
diluted and warmed up, up to 60 slides per hour can be coated by the 
dipping technique, whereas 40-50 slides per hour can be prepared by 
the stripping technique. 

RESOLVING POWER 

Since the resolving power depends critically on the thickness of the 
emulsion, no direct comparison of the two techniques can be made. In 
the original investigations the first definite autoradiographs of labeled 
nuclei [14, 23] with 32P and of single chromosomes [22] with 35S, as well 
as the correct place of binding of 131I in the colloid of the thyroid [7] 
were made by the stripping film technique. 

CONCLUSION 

Using 3H as a tracer with short exposure times, the choice of tech
nique can be regarded as a matter of taste. For quantitative work using 
isotopes other than 3H and for experiments involving long exposure 
times, the stripping film technique is preferable. 

WATER-SOLUBLE AUTORADIOGRAPHY 

The requirements that a technique of water-soluble autoradiography 
has to fulfill are: (1) retention of all labeled materials, (2) no movement 
by diffusion of the labeled material before or during exposure, (3) re
solving power, sensitivity, ease of preparing autoradiographs, and other 
features should be similar to that of the standard techniques. 

It cannot be assumed that all labeled material is retained in a technique 
which involves washing of cells to remove labeled medium. Experiments 
[21] have shown that molecules the size of thymidine can diffuse in cells 
with a velocity of the order of 2 μ per second and therefore washing of 
cells to remove labeled precursor adhering to the surface can probably 
not be done without incurring a serious risk of removing water-soluble 
precursor from the cells. Smearing and squashing techniques when 
labeled medium might still adhere to the cells are not to be recom-
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mended. Similarly, redistribution of soluble labeled material may take 
place in the interval between killing an animal and the setting up of 
autoradiographs as well as by diffusion during the exposure. Until more 
quantitative data are available, techniques of water-soluble autoradiog-
raphy should be designed in such a way that the danger of diffusion of 
soluble material is at a minimum. 

Various techniques of water-soluble autoradiography have been de
signed. After freezing and drying, labeled sections were used in an 
apposition technique [13, 15, 26]. To avoid the disadvantage of separat
ing the section and the autoradiographs, various ways of attaching freeze-
dried and embedded sections to the emulsion were tried [6, 8, 11, 12, 25, 
30, 31]. Frozen sections cut on a freezing microtome [19, 32] or in a 
cryostat [11, 15, 27-29] were used, but the problem of attaching a frozen 
section securely to the emulsion without thawing had remained unsolved. 

Recently a simple technique which seems to solve the outstanding 
problems has been designed [1]. Small pieces of labeled material are 
placed on an aluminum strip and plunged into isopentane cooled with 
liquid nitrogen, then slowly warmed up to the temperature of solid C 0 2 

and kept at that temperature. 
Pieces of Kodak AR. 10 stripping film floated out on distilled water at 

21-23°C and No. 1 cover slips (2 by 7/8 inches) subbed with glycerine-
albumin are coated in such a way that the emulsion faces outward. After 
drying, the coated cover slips are cooled to —5°C before use. 

Frozen blocks are slowly brought to the temperature of a Pearse cryo
stat (—25 to —30°C) and the blocks are mounted and sections cut with 
normal room lighting. When the sectioning is satisfactory the full light 
is switched off and a darklight (Wratten No. 1) is placed in such a way 
that a section can clearly be seen on the knife in reflected light. A cover 
slip coated with stripping film, hitherto kept in a light-tight box, is 
touched against the section; in this way the section adheres to the emul
sion. These preparations are then kept at a temperature of —25 to —35°C 
for photographic exposure. 

Before photographic processing the preparations are fixed in 5 per 
cent acetic acid alcohol for 1 minute or methanol for 10 minutes. After 
thorough washing, photographic processing is carried out in the usual 
way. Since the sections are not covered by film, staining is even easier 
than for autoradiographs of embedded sections; afterward the prepara
tions are mounted with Euparal on a normal microscope slide. 

The technique was found easy to manipulate. The sections adhere 
securely to the emulsion and neither shifting nor chemical artifacts have 
been observed. Since the labeled material is kept well below freezing 
from the moment of plunging into isopentane at a temperature of 
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—155°C, loss of water-soluble material can be excluded. No evidence of 
redistribution by more than a few microns due to diffusion in the solid 
has been found with 3H-thymidine or 22NaCl. Some rigorous experiments 
to determine the accuracy of localization are planned. 

The loss of photographic sensitivity at low temperatures was meas
ured by exposing AR. 10 stripping film mounted as for water-soluble auto-
radiography to the radiation of 14C-labeled standard sources. It can be 
seen from Fig. 2 that at the temperature of solid C 0 2 the loss is approx
imately 30 per cent as compared with exposure at 4°C. 

Relative 
optical density 

- 2 0 0 °C -150° - 1 0 0 ° - 5 0 ° 

Temperature - ° C 

+ 50°C 

FIG. 2. Variation of film sensitivity with exposure temperature. 

The distribution of 3H-thymidine 2 minutes after intravenous and 
intraperitoneal injection is shown in Figs. 3 and 4. It can be seen that 
after intravenous injection thymidine is found in equal concentration in 
smooth muscle and epithelium, whereas after intraperitoneal injection 
thymidine diffuses across the smooth muscle into the epithelium with a 
velocity of the order of 2 μ per second. Grain counts show a higher con
centration of 3H-thymidine in the muscle for a considerable proportion 
of the time of availability of this precursor. Therefore grain counts of 
labeled deoxyribonucleic acid (DNA) are subject to corrections which 
will have to be based on quantitative counts of the distribution of 3H-
thymidine at various times after injection. Our observations also show 
that 3H-thymidine is available to all cells and nuclei and therefore cannot 
in itself be regarded as stimulating incorporation into DNA. 
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FIG. 3. 3H-Thymidine in smooth muscle of the colon 2 minutes after intravenous injection. The la
beling is uniform throughout the muscle. Hematoxylin and eosin stain. Magnification: χ 700. 
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FIG. 4. 3H-Thymidine in smooth muscle 2 minutes after intraperitoneal injection. The thymidine can be 
seen diffusing in from the peritoneal fluid bathing the outside of the gut; the diffusion seems to be uniform 
through nuclei or muscle fibers. Hematoxylin and eosin stain. Magnification: X 700. 
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FIG. 5. Transverse section through skeletal muscle of a mouse injected with 
50 μο 2 2NaCl as isotonic saline, and killed 1 hour later. The insert shows a section 
of a blood clot taken from the same animal. The magnification of both photographs 
is the same: X 950. 
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FIG. 6. Section of liver from a mouse killed 1 hour after injection of 2 2NaCl. 
A section through a blood vessel is seen at the top of the print. The level of 2 2NaCl 
in tissue is approximately equal to that in blood—the grains over the blood vessel 
are slightly out of focus. Hematoxylin stain. Magnification: χ 950. 
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Experiments on the distribution of 22NaCl in animals (Figs. 5 and 6) 
gave the surprising result that the concentration of 22Na in blood is only 
approximately twice that in the cells of muscle or liver instead of the 
expected factor of approximately six. Further work on the distribution 
of 22Na is in progress. 

SUMMARY 

The evolution of current techniques of light microscope autoradiog-
raphy is discussed together with factors that affect their sensitivity, 
resolving power, and suitability to varying conditions. New evidence on 
the effect of temperature on sensitivity and latent image fading of strip
ping film emulsions is presented. The development of techniques of 
autoradiography suitable for use with soluble compounds is reviewed 
and a new method is described which fulfills the basic requirements. 
Results obtained using this technique are illustrated and reveal the need 
for more extensive work in this field. 
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DISCUSSION 

D R . FITZGERALD: With regard to locating diffusible substances by your tech
nique, Dr. Pelc, how sure can you be that the 2 2 Na is not diffusing out of cells 
or vessels, particularly if freezing in liquid nitrogen destroys membranes? This is 
what worried me when we found 3H-histamine all over stomach muscles and 
mucosa. I would also worry about preferential adsorption as an artifact, like the 
notorious supposed nuclear localization of alkaline phosphatase. I am afraid it would 
take many types of controls to satisfy these questions. 

D R . P E L C : These possibilities are under investigation. 
D R . SALPETER: YOU mentioned today that grains smaller than 0.1 μ (1000 Ä) 

may no longer be sensitive to radiation from tritium. I recall that at a meeting of 
the Royal Microscopical Society in 1963 you gave the value of 0.01 μ (100 Ä) 
(/ . Roy. Microscop. Soc. 1963, 81, 131). My own experience with the Kodak NTE 
emulsion (silver halide crystal size about 500 Ä ) , which is still quite sensitive to 
tritium, would indicate that your earlier value may be closer to being the true one. 

D R . PELC: The theoretical value of 0.01 μ was based on the assumption that 
an absorbed energy of 3 eV was needed to release one electron into the silver-
bromide crystal lattice, as in the case of the photoelectric effect of visible light. 
It is now known, however, that in air one ion pair is formed when approximately 
32 eV of ionizing radiation has been absorbed. I have not been able to find any 
values for silver-bromide, but it is likely that the higher value will apply, hence 
the new estimate of 0.1 μ. These are averages and it is quite likely that emulsions 
with smaller grains could be used; the sensitivity might be considerably lower. 

D R . LEBLOND: The comparison between stripping film technique and liquid 
emulsion technique (referred to as coating or dipping technique) should be made 
using the AR-10 stripping film and the Kodak NTB2 emulsion, respectively, since 
they are the two most widely utilized in actual practice. 

With regard to sensitivity, Dr. Beatrix Kopriwa counted grains per unit area 
over 3H-labeled liver sections coated with NTB2 or NTB liquid emulsion, or covered 
with AR-10 stripping film; the relative numbers of grains were found to be about 
1, 0.4, and 0.5, respectively. Hence, the NTB2 emulsion was about twice as sensi
tive as the AR-10 stripping film. On the other hand, the NTB emulsion had a lesser 
"sensitivity" than the stripping film emulsion, in confirmation of the results of 
Baserga and Nemeroff, quoted by Dr. Pelc. 

Besides being highly sensitive, the NTB2 emulsion has the advantage of having 
larger grains, more easily countable than those of the stripping film emulsion. 

As for speed, up to 200 slides per hour can be coated with liquid emulsion as 
against 40 to 50 by the stripping technique. 

Finally, under the conditions indicated in an article ( / . Histochem. Cytochem. 
1962, 10, 269) , it is possible to obtain an even layer of emulsion (about 2 μ thick) 
with the NTB2 emulsion. 
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D R . KOPRIWA: Fading of the latent image does not occur under certain con
ditions. Thus, we have investigated the increase of reaction intensity with exposure 
time using Kodak NTB2 emulsion. We used unstained 3H-containing liver sections 
developed every 40 days over a 360-day period. The results showed a proportional 
increase in the number of silver grains up to the end of the 1-year period, provided 
the drying agent in the exposure box was changed every month. From these results 
(demonstrated in Figs. 15 and 16 of an article in / . Histochem. Cytochem. 1962, 
10, 280) , it was concluded that no fading took place. 

There are indications, however, that the mode of fixation, the nature of the 
organ, and prestaining, influence fading, whatever the radioautographic technique 
used. 

D R . PELC: Dr. Lord (Lord, B. I., / . Phot. Sei. 1963, 11, 342) found for the 
dipping technique, using Ilford K5 and 5 weeks exposure, fading of 28% with a 
drying agent and of 52% without. Using Gevaert 7.15, the effect of the drying 
agent was reversed, fading amounting to 34% without and to 45% with silica gel. 
Since Kopriwa and Leblond found no fading with a drying agent, we have to con
clude that something else affects the performance of photographic emulsions and 
more research seems indicated into fading when the dipping technique is used. 
As reported in my paper, fading is no problem with stripping film. 

D R . CARNEIRO: In my experience, humidity is a much more important factor 
in- latent image fading than is the presence of air during exposure. Exposing AR-10 
stripping film under dry atmosphere, we found about the same number of grains as 
we found under dry C 0 2 , with 3H-label exposed for 1 month at 4°C. So we have 
continued exposing our radioautographs under dry air atmosphere at 4°C. 

D R . GREULICH: The Southern California climate is sufficiently dry so that arti
ficial humidity control is not required. Radioautographs exposed with Drierite (one 
charge only, no changes) at 4°C are without appreciable image fading for over 8 
months. 

The problem of background was investigated in my laboratory. The use of a 
safe light has been discontinued, with significant decrease in background (NTB2 
liquid emulsion, normal routine; backgrounds 6-8 grains/1000 μ 2 ) . 

D R . CARNEIRO: Regarding the safe light arrangement, we use a foot switch, 
turning on the safe light only when needed. Most of the time we work in total 
darkness. 

D R . PRESCOTT: Fluorescent lights give an afterglow for at least 30 minutes and 
can contribute to general background fogging. Hence, they should not be used in 
darkrooms. 

D R . GREULICH: I discontinued use of NTB3 emulsion about 3 years ago, since 
results obtained were variable, and artifacts (such as linear deposition of grains 
along tissue interfaces) were present too frequently. NTB2 is far more reliable. 
What is the experience of others in the audience? 

D R . EVERETT: Our experience in recent months is the same as that of Dr. 
Greulich. Many batches of NTB3 emulsion, when received, have high background 
regardless of how they were shipped. Eastman Kodak informs us that our laboratory 
is the only one having trouble with the emulsion. 

D R . PRESCOTT: All users of radioautographic emulsions should be encouraged 
to be severe in their demand for the highest quality in emulsion; especially the 
receipt of high background emulsion should not be tolerated and should be regu
larly followed by complaint and rejection of the material. 
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INTRODUCTION 

It is very difficult at this stage of rapid development in electron micro
scope autoradiographic techniques to give a full assessment of such pro
cedures. We would therefore like to limit this paper first to a description 
of the primary aims in specimen preparation and then to a discussion of 
only some of the proposed procedures for obtaining them. 

AIMS 

Resolution 
One of the primary aims of electron microscope autoradiography is 

resolution or accuracy in locating the source of radiation within a speci
men. One endeavors to control simultaneously the two independent 
factors that tend to limit this resolution, the photographic process, and 
the source detector geometry. 

Photographic Process 
When an electron hits a silver halide crystal, a latent image may form 

anywhere within that crystal. During development, a silver grain grows, 
retaining some contact with the latent image. Very little is known as 
yet about the growth of such developed silver grains around small 
silver halide crystals. For the present, therefore, we will assume a random 
growth. Figure 1 shows such a hypothetical situation. The midpoint of 
a developed grain can be, at a maximum, one half the diameter of the 
developed grain away from the latent image, which can, again at a 
maximum, be the whole diameter of the silver halide crystal away from 

1 This investigation was supported by United States Public Health Service Re
search Grant GM10422 from The Division of General Medical Sciences; and a 
Career Development Award NB-K3-3788, to M. M. Salpeter from The Division of 
Neurological Diseases and Blindness. 
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the place where the crystal was hit by the electron. Thus the largest 
error inherent in the photographic process is 

(where a is the diameter of the undeveloped silver halide crystal and b 
is the diameter of the smallest circumscribed circle around the developed 

"position"of developed grain* 

latent image-

hit-

■* a * 

/ 

latent imaged-
-— X max. 

b 

\ 
\ 

/ / 

error (X)l 

(7 = J^a+^b2 

Maximum Error 
Xmax. = a + b 

Z 

FIG. 1. Error due to photographic process; a is diameter of silver halide crystal; 
b is diameter of silver grain. 

silver grain). On the average, of course, this error is much less and can 
be calculated to be more like 

X 
/ a2 b2 =V-+-

5 12 
We see that very little can be gained by making the developed grain 
much smaller than the silver halide crystal. Furthermore, there is some 
indication that the developed grain may not grow in a completely random 
fashion but may cling more closely to the silver halide crystal, thereby 
decreasing the importance of the developed grain size still further. The 
over-all conclusion one can draw, therefore, is that in order to decrease 
the error due to the photographic process one requires small silver halide 
crystals and small developed grains, the undeveloped silver halide crystal 
size being the more important of the two. Table I contains information 
on photographic resolving power for the Kodak NTE and Ilford L4 emul
sions with different developing procedures. 

Source-Detector Geometry 
The second factor, the source-detector geometry, can be discussed 

briefly in relation to Fig. 2. Here we have a point source (x) at a distance 



TABLE I. Photographic Resolving Power and Sensitivity for Various Emulsion-Developer Combinations0' 

Emulsion 

Ilford L4 

Kodak NTE 
(centrif uged) 

Developer 

Microdol X 
p-Phenylenediamine 

Dektol 

Dektol preceded 
by gold laten-
sification 

Elon-ascorbic acid 
preceded by gold 
latensification 

a 

1000-1600 
1000-1600 

300-550 

300-550 

300-550 
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2000-4000 
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a Table headings: a: diameter of silver halide crystal (see Figs. 6 -9 ) ; b: size of developed grain (see Figs. 10-14) ; X m a x : 

maximum error due to photographic process; X: root mean square error. All dimensions in A units. The sensitivity for 10 keV 
electrons is given as the ratio of the number of developed grains to the number of electrons with which the emulsion was 
irradiated. 

& Note added in proof: Recent tests indicate that the currently supplied commercial batches of Kodak NTE have a sensitivity 
lower, by approximately a factor of two, than those quoted here. 
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d from a plane. If there is no scattering in the intervening material, the 
number of electrons crossing the plane per unit area will decrease with 
horizontal distance from the source as cos3 Θ (increment in solid angle 
divided by increment in area of plane). If we consider the plane at the 
lower surface of an emulsion layer which overlays a thin biological sec
tion, then cos3 Θ describes the density distribution of electrons hitting 
the emulsion, and at least roughly approximates the density distribution 
of developed grains2 (Fig. 2b). The horizontal distance from source (r) 

(a) (b) 

FIG. 2. Error due to distance from source to detector, ( a ) Schematic of radio
active source x at a distance d from a plane, (b ) Graph (cos30)—density distri
bution of electrons crossing the plane per unit area around the point source; graph 
(cos30 and cos20)—density distribution of developed grains around the point source; 
graph (l-cos0)—relative numbers of electrons crossing the plane within circles of 
increasing area. 

at which an electron hits the plane (that distance on which the geometric 
error depends), is directly proportional to d (Fig. 2a). In fact r = d tan Θ 
(Θ being the angle between the vertical and the direction in which the 
electron leaves the source). Therefore, given d, one can determine from 

2 Cos30 approximates the density distribution of developed grains only if there 
is considerable scattering in the emulsion, since in such cases the path of the electron 
inside the emulsion is independent of its angle of incidence. This would be the case 
in emulsion layers above 400 Ä with radiation energies of tritium (average 6 keV). 
In certain cases where there is very little scattering in the emulsion, such as with 
very thin emulsion layers < 400 Ä, or with higher energy radiation, the density dis
tribution of developed grains would be closer to cos20 (Fig. 2 ) . 
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γ 
a graph of cos3 Θ plotted against tan Ö or — (Fig. 2b) at what horizon-

d 
tal distance from the source the grain density falls to any desired fraction 
of its value over the source. 

The tendency to discuss resolution in terms of density distribution is 
a carry-over from optical autoradiography. Since sampling is usually 
small in electron microscope autoradiography, a more useful way of dis
cussing the geometric error may be to consider the radius (r) of a hori
zontal circle above a point source within which a certain percentage of 
the total electrons fall. If we consider only the electrons emitted into 
the upper hemisphere, the fraction of these electrons leaving the source 
within a cone of half angle Θ is (1 — cos Θ). [This is the ratio of the solid 
angle 2π(1 — cos Θ) for the cone, to the solid angle 2π for the hemi
sphere.] They cross the emulsion plane within the circle of radius r = d 
tan Θ. Therefore, from a plot of (1 — cos Θ) against tan Θ (Fig. 2b), we 
see that half the electrons emanating from the source hit the emulsion 
within a circle whose radius is 1.7 d, and two-thirds of the electrons within 
a circle of radius 3 d. 

Whatever our preferred way of considering the geometric error, we 
see that it is directly linearly proportional to d, the source-detector 
distance. 

To calculate the geometric error for an actual autoradiogram, one 
therefore has first to determine d. Figure 2a is an oversimplification since 
d in autoradiography is not just the distance from the source to the 
underside of the emulsion but really the distance from the source to the 
place of formation of the latent image—a distance which is impossible 
to obtain accurately. Approximately, however, d includes: (a) one-half 
the section thickness (since the radioactive source is on the average in the 
middle of the section), (b) the whole thickness of any intervening mate
rial between section and emulsion, and (c) in a much more complicated 
way some fraction of the emulsion thickness depending on the amount of 
scattering within the emulsion.3 With emulsion layers currently used— 
i.e., 600-1300 A—and with radiation from tritium, a compromise value 
for d of the emulsion can be te/3 (te being emulsion thickness). The total 
autoradiographic d would then be ts/2 -\- t{/\ -\- te/3 (ts being section 
thickness, and U thickness of any intervening material between the sec
tion and the emulsion). Primarily, then, to decrease the geometric error 
one must decrease the specimen thickness (source-detector distance), the 

3 In cases of little scattering the value approaches 1/2 emulsion thickness, but 
beyond a certain thickness (i.e., approximately 400 Ä for tritium radiation) the 
emulsion contributes a progressively smaller percentage to the total d [2]. 
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section thickness being more important than emulsion thickness in this 
respect. 

It is important to emphasize that since both errors which limit resolu
tion—that due to the photographic process (Ep) and that due to geometry 
(Eg)—vary independently of each other, the total error (root mean 
square error Et) is not a simple sum of the two, but rather the square 
root of the sum of their squares: 

Et = V E,2 + E/ 
Therefore, if either error is much larger it will become dominant and 

little can be gained by improving the other. 

Sensitivity 
Technically the opposite side of the coin to resolution is sensitivity. 

Ideally one wants to detect every electron emitted. As sections become 
thinner this becomes increasingly more important. As emulsions with 
progressively smaller grains become available one may reach theoret
ically limiting sizes for the formation of the latent image. As long as 
one is above that limit, the primary problem in technique is that of ob
taining maximum developability. 

Contrast 
Another problem to be solved when striving for increased resolution 

via thinner sections is that of enhancing the notoriously low contrast of 
autoradiographic specimens. 

Quantitation 
Finally, one would like to have a way of quantitatively evaluating 

electron microscope autoradiographic results. For that purpose emulsion 
thickness and silver halide crystal distribution as well as section thick
ness must be known. 

PROCEDURES 
Emulsion Layers 

Since uniform and controlled emulsion layers are important for quan
titative work, for optimum sensitivity, and for resolution, a good deal of 
attention has been focused on their formation. Several methods have 
been proposed for producing emulsion layers for autoradiography. These 
include dipping specimens in diluted liquid emulsion or dropping this 
emulsion onto the specimens [6, 7, 11, 17], centrifuging the emulsion 
directly onto specimen grids [5], and preforming thin layers of emulsion 
in metal loops [4, 12, 15] or on agar [4] before applying them to the 
section. One cannot prejudge these techniques. The test lies with the 
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resultant emulsion layer. An optimum emulsion layer for maximum reso
lution consists of closely packed silver halide crystals without much over
lap. A gain in sensitivity can be obtained at the expense of resolution 
by multilayering the emulsion. Yet one loses both sensitivity and reso
lution by using layers in which the silver halide is not tightly packed 
[2, 3]. To obtain optimum layers, much depends on the coating tech-

GRID WITH SECTION 

ATTACHED TO SLIDE 

DIP IN DILUTED EMULSION 

\ 
EXPOSE 
DEVELOP FIX 

Hi 
*W\ V . 

EMULSION 

SECTION 

\ GRID 

FIG. 3. Two possible procedures for applying emulsion over sections mounted 
on grids. Caro and VanTubergen [4] and Hay and Revel [7]. 

nique, on the substrate on which the emulsion is coated, and on 
the emulsion itself. For instance many investigators first place the sec
tion on a specimen grid and then put the emulsion over it (two typical 
examples are shown in Fig. 3) ; others have recommended placing the 
specimen on flat surfaces for coating [14, 17]. In our experience, coating 
the section while it is on a metal grid may cause trouble, especially 
when liquid emulsions are used, since the silver halide crystals tend to 
to collect at grid bars. Therefore, in cases in which sections for coating 
are placed on metal grids, better results are obtained when preformed 
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FIG. 4. Specimen preparation procedure on flat substrate [17]. ( a ) Ribbons 
of sections are placed on collodion coated slides and allowed to dry; ( b ) sections are 
stained in a tightly closed petri dish by drops of stain placed over the individual 
ribbons. After the staining period the stain is flushed off with distilled water; 
(c ) the stained sections are vacuum coated with a thin layer of carbon, Union Car
bide Spectroscope SPK (50 Ä ) ; ( d ) liquid emulsion, which is kept at 60°C, is 
dropped over the section and then drained and dried in a vertical position. Dipping 
the specimen into liquid emulsion is equally satisfactory; (e ) the final specimen 
sandwich; (f) slides are developed in a series of beakers, with distilled water rinse 
between successive chemicals, the sequence being: developer, 3 % acetic acid stop 
bath for 10 seconds, non-hardening fixer (20% sodium thiosulfate + 2.5% potas
sium metabisulfite) for 1 minute, three rinses in distilled water; (g ) specimen 
sandwich is stripped onto a water surface, and grids are then placed over the tissue 
sections; (h ) a procedure for picking up the specimen from the water surface by 
suction onto a moist filter paper applied over a filter plate. 
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emulsion layers are used. If, however, specimens are first placed on a flat 
surface, very uniform close-packed layers can be obtained by using either 
liquid or pregelled emulsion. Figure 4 shows the specimen preparation 
procedure recommended by us [17]. The section lies flat on a collodion-
coated slide, and the thin carbon layer between it and the emulsion pro
vides a substrate of very uniform physical properties. This procedure 
results in clean uniform emulsions but requires stripping the specimens 
off the slide after photographic processing (Fig. 4g) before they can be 
placed on viewing grids—an additional step in specimen preparation. 

Different emulsions provide unique problems of their own. The 
Ilford L4 emulsion coats very nicely when gelled in metal loops. How
ever, the finer grained emulsions such as the centrifuged Kodak NTE [17] 
or the Gevaert Nuc 307 [6] do not form in loops easily, and are best 
coated in liquid form. A flat substrate is here even more important. One 
way to form good monolayers using these emulsions is to keep them 
warm, ^ 60° C, drop them onto a flat surface, and then drain and dry 
them at room temperature (Fig. 4d). 

Another advantage of coating the emulsion while the section is 
mounted on a flat substrate is that it provides a criterion for evaluating 
the quality of a formed layer independent of the coating procedure 
employed. 

Thin emulsion layers on glass slides show, in reflected white light, 
interference colors dependent on their thickness. We measured the thick
ness of layers having different interference colors with a Normarski inter
ferometer [17]. Figure 5 shows these interference colors correlated with 

Emulsion Interference 
colors Section 
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mv«R 

mi& 

5 0 0 
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2 0 0 0 

Emulsion and section thickness in A 

FIG. 5. Interference color—thickness scale for sections and emulsion. Inter
ference colors of section on water and of emulsion on glass slide ([17] , Table I ) . 
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FIGS. 6-9. Emulsion layers. Magnification: 30,000 X. 
FIG. 6. Monolayer of centrifuged Kodak NTE emulsion. Interference color, 

silver to light gold measured thickness, 600 Ä. 
FIG. 7. Slightly overlapped layer of centrifuged Kodak NTE emulsion. Inter

ference color, gold; measured thickness, 1000 Ä. 
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measured thickness. These data have been validated for both the Ilford L4 
and centrifuged Kodak NTE emulsions. We further determined by inter-
ferometry that the thickness remained constant on a microscopic level 
as long as the interference color remained uniform to the naked eye. 
When emulsion layers of different thickness were examined with the 
electron microscope, we found that a silver to pale gold layer of Kodak 
NTE (600 Ä) was a monolayer (Fig. 6), and that a deep gold layer 
(1000 Ä) already showed considerable overlap (Fig. 7). A silver to gold 
layer of the Gevaert Nuc 307 is a monolayer (Fig. 8) for that emulsion, 
and a purple layer (1300-1500 A) is a monolayer for the Ilford L4 
emulsion (Fig. 9). 

The uniformity of interference color can thus be a criterion for an 
adequate coating procedure, and the interference color itself a criterion 
for emulsion thickness. 

For quantitative work one has to know the exact thickness of an 
emulsion layer over a particular section. Interference colors can be 
viewed over the sections in the darkroom (yellow safe light Wratten 
filter OA) where they appear as density differences. A more accurate 
way to make this determination is available if developers are used that 
do not attack the silver halide crystals, such as Dektol or Elon-ascorbic 
acid [8]. In such cases the developing procedure can be interrupted after 
the specimen has been developed and stopped, but before it is finally 
fixed. If at that stage the slide is washed and dried, the interference 
colors can then be viewed in white light without introducing back
ground. (The interference colors are not affected by the section under
neath.) Fixation then follows in the usual manner. 

Sensitivity 
Although of considerable importance, the problem of obtaining maxi

mum sensitivity has not received as much attention from investigators 
as has emulsion coating. A few years ago, at a meeting of the Royal 
Microscopical Society, Pelc suggested that grains as small as 100 A may 
still be sensitive to radiation from tritium [13]. The Kodak NTE with 
a silver halide crystal size averaging 470 Ä is at present the smallest 

FIG. 8. Monolayer of Gevaert Nuc. 307 emulsion. Interference color, silver 
to gold. Such uniform layers of this emulsion were not obtained consistently. 

FIG. 9. Monolayer of Ilford L4 emulsion. Interference color, purple; measured 
thickness, 1500 Ä. (The emulsion gelatin was stained with phosphotungstic acid 
and the emulsion layer was then fixed. The images of the silver halide crystals are 
thus negatively stained ghosts. A close-packed monolayer of Ilford L4 is otherwise 
difficult to photograph without grossly disturbing the silver halide crystals due to 
the high beam intensity necessary for adequate illumination.) 



FIGS. 10-12. Autoradiograms using Ilford L4 emulsion with different em
bedding, staining, and developing procedures. Sections (interference color, light 
gold) were coated with a monolayer of Ilford L4 emulsion (emulsion interference 
color, purple) . Approximate magnification: 30,000 X. 
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grained emulsion commercially available. The very high sensitivity of 
this emulsion to tritium if special developing procedures are employed 
(Table I) indicates that Pelc's analysis was correct. We are still a long 
way from silver halide grains which are smaller than the theoretical limit 
for sensitivity to radiation of this energy. 

The technical question is how to get the maximum sensitivity, i.e., 
the largest ratio of developed grains to electrons hitting the emulsion. 
(For electron microscope autoradiography this ratio is expected to stay 
below 1.) 

There are several factors which affect sensitivity. These are evident 
to different extents in different emulsions and for different developing 
procedures. As a general rule the smaller the silver halide crystal or 
the smaller the developed grain desired, the more carefully one has 
to protect the latent image from oxidation or maybe even enhance 
it before development. We compared the sensitivity of the Kodak 
NTE and Ilford L4 emulsions using various developing and storing 
procedures [2, 17]. Monolayers of these two emulsions were first ir
radiated with low doses of 5 and 10 keV electrons. The intensity of 
radiation was measured with a Faraday cage. The irradiation was kept 
low enough to minimize the probability that any silver halide crystal 
was hit more than once. After development, we obtained a ratio of 
developed grains to electron hits (Table I ) . The relative sensitivities 
obtained were compared with data from actual autoradiograms. Data 
obtained from such a study are only comparative and do not represent 
the absolute sensitivity values to be obtained in autoradiography. 

In summary our findings were: (1) Whereas no obvious latent image 
fading was observed in irradiated Ilford L4 layers developed by Microdol 
X after storage in air for as long as 2 months, the fine grained Kodak 
emulsion needed storage in helium to keep the latent image from fading 
even when coarse grained development by Dektol was used. (2) A 

FIG. 10. Tissue: mesenchymatous cell of adult newt Triturus, labeled with 
3H-thymidine. Stain: section is unstained and has no carbon layer. Embedding 
medium: methacrylate. Development: Microdol X for 3 minutes at 24°C. 

FIG. 11. Tissue: axon of peripheral nerve in the newt, Triturus, labeled with 
3H-leucine. Stain: Aqueous uranyl acetate for 5 minutes followed by lead citrate 
[16] for 15 minutes. Stained section was coated with a carbon layer ( ^ 5 0 Ä) . Em
bedding medium: Epon 812. Development: Microdol X for 3 minutes at 24°C. 
(Note dense stain deposits over collagen at upper left.) 

FIG. 12. Tissue: mesenchymatous cell of the newt, Triturus, labeled with 3 H -
leucine. Stain: lead cacodylate [10]. Stained section is coated with a carbon layer 
( ^ 5 0 Ä ) . Development: p-phenylenediamine ( 1 . 1 % in 12.6% N a 2 S 0 3 , see [1] 
and [4] ) . 
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FIGS. 13 and 14. Autoradiograms using Kodak NTE emulsion. Sections (in
terference color-silver) were coated with a monolayer of Kodak NTE (emulsion 
interference color-silver). Approximate magnification 60,000 X. 

FIG. 13. Tissue: mesenchymatous cell of the newt, Triturus, labeled with 3 H -
thymidine. Stain: 2% uranyl acetate for 5 minutes followed by lead citrate [16] 
for 10 minutes. Stained section covered with a carbon layer ( ^ 5 0 Ä) . Embedding 
medium: methacrylate. Development: gold latensification—Elon ascorbic acid [17]. 

FIG. 14. Tissue: same as in Fig. 13 except developed by Dektol for 1 minute 
at 24°C. 
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distinct loss of sensitivity was observed when the emulsion was in direct 
contact with the biological sections (tissue fixed in Os0 4 ) . With the 
Ilford L4 emulsion it was most noticeable when fine grained development 
by p-phenylenediamine [4] was attempted [1]; with the Kodak emulsion 
it was marked even with coarse grained development by Dektol. Sensi
tivity can be maintained in both cases if approximately 50 Ä of carbon is 
evaporated over the section before coating with emulsion. (3) No fine 
grained development of the Kodak NTE emulsion was possible without 
first enhancing the latent image. This can be done by "gold latensifi-
cation," a process which deposits gold onto latent images before develop
ment [9, 17]. After such a procedure one can obtain small developed 
grains with very high sensitivity. We used an Elon-ascorbic acid de
veloper [8]. Developed grains with this developer can range from 100 Ä 
to over 1000 A, depending on the developing time. Because of the 
difficulty of differentiating very small developed grains and also since 
no significant gain in over-all resolution can be expected from developed 
grains much smaller than the silver halide crystals (see foregoing argu
ments), we chose to develop for 400-500 A grains (Fig. 13). 

The actual sensitivity ratios obtained are given in Table I. Note that 
gold latensification enhanced sensitivity in the Kodak NTE emulsion 
also for Dektol development, without affecting the grain size. We 
expect that it should similarly affect sensitivity in other emulsions and 
may prove valuable in high sensitivity development of the finer grained 
emulsions of the future. 

Contrast 

Specimens prepared for electron microscope autoradiography have 
very low contrast unless some special manipulation is introduced to en
hance it. Figure 10 shows such a typical autoradiogram in which the 
contrast has not been enhanced. Most procedures for enhancing contrast 
involve specimen manipulation—staining or gelatin removal, or both— 
after the photographic process is complete (for review see Caro and 
VanTubergen [4]). These procedures involve a risk of removing or 
disturbing developed grains. We have recently suggested a procedure 
for enhancing tissue contrast while leaving the emulsion gelatin intact 
[17]. This involves staining the tissue sections and then coating the 
stained section with a 50 A carbon layer. The carbon protects the stain 
from a destaining action of the developing fluids. The resultant high 
contrast is independent of the emulsion or of the embedding medium 
used (see Figs. 11 through 14). Very thin sections can thus be used, 
decreasing the geometric error considerably. 

A word of caution on prestaining. Prestaining may extract radioactive 
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compounds and for any quantitative study the sensitivity should be 
checked against an unstained section. Furthermore, the tissue can easily 
be overstained, resulting in an unpleasantly dense preparation in which 
the developed grains are hard to distinguish from the tissue components. 
In addition, the use of lead stains [10, 16] results frequently in dense 
deposits found over specific areas (chromatin, mitochondrial membranes, 
extracellular collagen, etc.) (Fig. 11). Shortening the staining period 
tends to minimize this effect. No explanation can be offered at the mo
ment for this phenomenon. It may in itself prove interesting in the study 
of electron microscope stains. Aqueous uranyl acetate gives a clean 
preparation, yet of much lower contrast than that obtained with lead. 
The exact staining time depends on the tissue and embedding medium, 
of course. 

It is clear that the final technique for electron microscope autoradiog-
raphy has not yet been proposed. The outlook for further advances is 
more optimistic than a few years ago. Quantitative autoradiography 
with the electron microscope is not just a possibility but is in many 
ways easier than with the light microscope. Furthermore we know 
that even the smallest grained commercially available emulsion is 
well above the limit of sensitivity for tritium labeled compounds. 
Smaller grained emulsions therefore can be expected in the near future. 
With these emulsions will come new techniques for coating and devel
oping. We hope that what we have so far learned about high sensitivity 
fine grained development and criteria for judging uniformity of emulsion 
thickness will prove applicable to these new procedures. Since it is 
obvious that errors due to the photographic process can be decreased, 
it is well to re-emphasize that we can fast approach a point of dimin
ishing returns unless we can simultaneously decrease the geometric 
error. For instance, using the formula for total error presented earlier 
in this paper and assuming a constant geometric error of 900 A, the total 
error would decrease as a result of decreasing the photographic error 
(see Table I) as depicted in the tabulation: 

900 1800 2020 
900 900 (Ilford L4, 1270 

Microdol X 
developed) 

900 300 (Kodak NTE, 950 
Elon-ascorbic 
acid developed) 

900 0 900 
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Progress in decreasing the photographic error enables us to invert a 
statement made by Pelc a few years ago [13] and state that the primary 
limitation in autoradiographic resolution is no longer the photographic 
process but comes from the geometric error primarily due to section 
thickness. 

SUMMARY 

Considerable improvements have been achieved in recent years in 
the technique of specimen preparation for autoradiography with the 
electron microscope. In this paper we outline the primary aims of such 
specimen preparation, describe several procedures suggested for achiev
ing these aims, and discuss some possible advances along these lines in 
the future. 
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DISCUSSION 

D R . D R O Z : When silver grains are underdeveloped, the coiled grains are often 
broken into three or four segments, and it is an illusion to believe that the resolving 
power is increased in this way. Do you agree? 

D R . SALPETER: I agree that a silver grain which is fragmented due to under-
development does not improve resolving power. 

D R . GRANBOULAN: It is not clear that the discrete dots produced by under-
development or physical development improve resolution. A priori, I would think 
that the average distance from the point source to these dots is about the same as 
the distance from the point source to the center of a coiled filament. 

D R . SALPETER: Whether physical development does or does not improve reso
lution depends primarily on the growth process of the silver grain during develop-
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ment. Unfortunately, this is a process we know very little about. We have therefore 
had to postulate the worst possible condition, i.e., that the silver grain grows ran
domly as we diagrammed in Fig. 1. In such a case, the center of a fully developed 
grain may be as much as half the diameter of the developed grain from the site of 
the latent image. The center of a small physically developed grain would then be 
closer to the latent image and the resolution would be improved by their use. If, 
on the other hand, one could show that the large silver grain grows symmetrically 
around the latent image or around the silver halide crystal, then the grain size would 
not significantly alter the resolution. 

We are hoping to answer this question by following the growth of developed 
grains in exposed dilute emulsion layers stained with phosphotungstic acid after 
development but before fixation. In this way, one can visualize simultaneously both 
the developed grain and the silver halide crystal from which it grows. Our pre
liminary observations indicate that a chemically developed grain may in fact cling 
more closely to the silver halide crystal than we postulated in Fig. 1. It is, however, 
too early to say for sure. 

D R . ROSS: The point of location of the latent image does not necessarily provide 
information regarding the resolution, because the latent image is not clearly related 
to the course of radiation. Hence, crystal size, and the distance between the source 
of radiation and the emulsion, remain paramount in determining resolution. 

D R . LEBLOND: What precautions must be used in prestaining for electron micro
scope radioautography? 

D R . SALPETER: The stain should be clean, and it should be prevented from 
evaporating during the staining period. Lead staining can be troublesome, especially 
for certain tissues. In such cases, aqueous uranyl acetate or nitrate for 1-3 hours 
provides a somewhat lower contrast, but a much cleaner specimen. 

D R . LEBLOND: HOW do you explain that, even though you do not extract gelatin, 
you obtain good visibility? 

D R . SALPETER: Removing the gelatin is unnecessary for obtaining high contrast 
in prestained specimens since the gelatin layer is only a few hundred Ä thick and 
is a low-density material. 

D R . GRANBOULAN: In general, the finer the grains, the less drastic the necessity 
to remove gelatin from the sections. With Gevaert NUC 307 (grain diameter 700 
Ä) , we can easily count the grains over the sections without removal of the gelatin. 
We think photographs are better after gelatin removal, although the procedure is 
delicate and must be adapted to each preparation by trial and error. Until now, all 
our published pictures have been made of sections from which the gelatin was 
removed, such as those in / . Microscopie (1962, 1, 75) . 

We use our new emulsion from Kodak-France in multilayers with a large amount 
of gelatin on top of the grains; thus, its removal is always necessary. 

D R . LEBLOND: Dr. Kopriwa, by comparing coated sections of tritium-labeled 
methacrylate, has observed that the Kodak NTE emulsion is much less sensitive 
and more difficult to use than Ilford L4 and Gevaert 307. Thus, we are not using 
NTE at all for routine work. 

D R . GREULICH: Have you tried preparing emulsion layers on plastic rather than 
glass, to obtain more uniform layers? 

D R . SALPETER: We have not tried plastic substrates. We use a glass slide 
coated with celloidin and then with carbon. This procedure provides a very uniform 
substrate for emulsion coating. 

D R . REVEL: The technique used by our group is the one described previously 
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(Revel, J. P., and Hay, E. D , Z. Zellforsch. 1963, 61, 110; Hay, E. D., and Revel, 
J. P., Develop. Biol. 1963, 7, 159). 

We have found that, in general, we could obtain clearer radioautograms when 
the emulsion was prevented from reaching the reverse of the specimen grids. The 
celloidin film, apart from its intrinsic value for electron microscopy, seals the holes 
in the grid which are not covered by sections. Each grid is checked for imperfec
tions (holes or tears in the celloidin substrate) before use. To mount the specimen 
grids prior to dipping we proceed as follows: A strip of double-sided Scotch brand 
tape is applied to a clear glass slide, and a piece of Band Aid tape with perfo
rations of slightly smaller diameter than the grids to be used is applied to the 
Scotch tape. The grids are then deposited over the perforations in the Band Aid 
and sealed by gentle pressure along the edge. The Band Aid adhesive is waterproof 
and allows the grids to be detached easily even after several months. 

We do not routinely use celloidin-coated slides because we have encountered 
some problems in detaching the films after prolonged storage. 

D R . SALPETER: We found that much more uniform emulsion layers are obtained 
over sections that are mounted on a celloidin-coated glass slide and then coated 
with a thin layer of carbon, than over sections mounted on specimen grids. Another 
advantage of forming emulsion layers on a glass slide-mounted specimen is that the 
thickness and uniformity of the emulsion can be evaluated by its interference colors. 
This provides a basis for quantitative electron microscope radioautography. 

D R . P E L C : The membrane method of electron microscope radioautography which 
we have designed proves to be useful and reliable (Pelc, S. R., Coombes, J. D., 
and Budd, G. C., Exptl. Cell Res. 1961, 24, 192; Budd, G. C., and Pelc, S. R., Stain 
Technol. 1964, 39, 295) . Perspex (lucite) slides (3 inches by 1 inch) with 7 mm 
holes are covered with a thin layer of Formvar; a methacrylate or araldite section 
is placed on the Formvar film above the center of a hole and covered with liquid 
photographic emulsion. After exposure, the preparation is processed and stained if 
desired. Then the slide is inverted, a small drop of water is put through the hole 
onto the section, and a grid is fixed by drying. The grid is then cut out with a 
needle, and is ready for use. With careful handling, approximately 75% of the 
preparations started can finally be used. 

D R . D R O Z : In my laboratory, we have used the dipping technique either on 
grids or on celloidin-coated slides. Definitely, the quality of the radioautograph is 
improved by the latter technique, which allows a uniform distribution of the silver 
grains, and also prevents the passage of emulsion between the grid and the support
ing glass. 
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During the past 3 years radioautography at the electron microscope level 
has made great progress. Already it has become an important method in 
cytology and has led to several very valuable investigations. However, 
we feel that improvements of this technique are still possible and that it 
has not yet fulfilled all of its promise. 

The problems we deal with here can be divided into three parts: the 
first is theoretical; the second is practical and concerns the routine 
cytological technique; the third concerns the new fine grain emulsions. 

THEORETICAL DATA 

Three types of factors govern the effectiveness of radioautography. 
These are: photographic, isotopic, geometric. 

With regard to the photographic factors, we depend entirely on the 
physicists and photochemists to prepare emulsions of the desired grain 
diameter and sensitivity. 

Concerning isotopes, tritium electrons are the softest of all electrons 
emitted by any isotope and, therefore, are most frequently used in 
electron microscope radioautography. However, 14C has also been used 
[5], and 125I seems to be promising because of its short half-life and 
low-energy electrons [14, 17, 23, 30, 32]. 

We shall deal here only with the geometric factors which we can 
more easily control. 

Let us first consider a few characteristics of emulsions: 

A photographic emulsion is actually a suspension of silver halide 
pseudocrystals in a colloid, gelatin. 
Each crystal obeys "the all-or-none law." 
The smaller the diameter of the crystal, the lower the percentage 
of silver. 

Two kinds of gelatin are present in the photographic emulsion: 
a. The first, adsorbed onto the grain, is required for the sensi

tivity and the stability of the emulsion [21]. Physicists think that 
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this layer is a shell around the crystal about 50 Ä thick [25]. If we 
accept this value it will play an important role in the very fine grain 
emulsion. For instance, if we consider an undeveloped crystal of 1500 
A in diameter, the gelatin is 7 per cent of its thickness and it is equal 
to 15 per cent of the cross section (2πΚ dR/nR2). But if we consider 
a crystal of 100 Ä in diameter, the thickness of the adsorbed gelatin is 
equal to that of the crystal, and its solid angle will be twice that of 
the crystal. Thus this shell can no longer be neglected with respect to 
the sensitivity or to the resolution. 

b. The second kind of gelatin is in solution. It raises some practical 
problems which are discussed in the section on new fine grain emulsions. 
It is important to know that some emulsions contain relatively little 
gelatin, and are easy to handle (classic nuclear emulsions such as G5, 
K5, L4, and NUC 307 fall into this category); others, however, are rich 
in gelatin and are much more difficult to handle. 

Resolving Power 
We propose a model with the following characteristics: The emulsion 

is spread as a compact monolayer of crystals with equal diameter [4, 
10]. The adsorbed gelatin is neglected in our evaluation. We are dealing 
with a point source. It is supposed that the nature of radiation is analo
gous to light in a transparent medium; there is no variation of the linear 
transfer energy, all electrons have the same energy, only the first crystal 
hit is reduced, and there is no scattering. With these assumptions in 
mind, the probability for a grain to be hit is proportional to its solid 
angle corrected with respect to its shielding effect, as defined by 
Caro [4]. 

Nomenclature for Figures 1, 2, and 3 
r: radius of the grain 
e: one half the thickness of the section 
x: distance between the projection of the point source and the 

center of the grain we are considering 
. r 

k: ratio — 
e 

Our geometric model has a sixfold rotational symmetry. 
Therefore, we can find all possible situations of the projection of 
the point source within a triangular field of the monolayer of 
crystals, representing one-sixth of the entire field. 
The projection of the point source may be: in the center of a 
crystal (case I ) ; in between two crystals (case I I ) ; at equal dis
tance from the centers of three crystals (case III) . See Fig. 2. 
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We obtain the series of solid angle curves (without correction for 
the shielding effect) shown in Fig. 1. 

We propose to define contrast as the slope of the curves (derivative 
of the function). This notion is similar to the gamma as known in 
photography. The slope of the curves diminishes with the value of k. The 

0.6 

0.5 

0.4 

Jl_ 0.3 
2ττ 

0.2 

0.1 

0 I 1 L- ■ I — 
0 1 2 3 4 

x 
r 

FIG. 1. Variation of the solid angle as a function of the distance and the 
diameter of the crystals. The solid angle is plotted against the distance, which is 

x 
expressed in a relative unit ( — ) . Parameter k is inversely proportional to the radius 

r 
of the crystal. The shielding effect is neglected in our equation. 

contrast must be considered because good resolution without contrast 
could not give an accurate radioautograph. 

The diagram in Fig. 2, using approximations of the same kind as 
Caro proposed [4], shows the variation of the spreading of the image as 
the diameter of the grain decreases. It takes into account the shielding 
effect, and has been drawn with the assumption that the point source 
is located below the center of one grain (case I ) . 
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The dark sectors are proportional to the ratio of the corrected solid 
angle for the considered crystal and the maximum solid angle (of the 
crystal nearest the source). This ratio indicates the probability for a grain 
to be hit. Thus the image spread is increased as the grain diameter 
diminishes (Fig. 2). 

k---k-

Θ 
Case I 

Casel *=10 

Case II 

Case III 

Casel k-\ 

FIG. 2. Probability of a crystal being reduced at a given distance of a point 
source. The shielding effect is evaluated here. According to the position of the point 
source in relation to the center of the nearest crystals, three limited cases can be 
considered: cases I, II, III of this chart. We calculated case 1 only (projection of 
the point source in the center of the nearest crystal). This is the most favorable 
hypothesis. If we took into account the other cases, the results would be still less 
favorable. The dark sectors are proportional to the probability for a crystal to be 
reduced. The diagram shows the image spread (loss of contrast) when the param
eter k, which is proportional to the radius of the crystal, diminishes (see text) . 
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If we consider many point sources, each one of them reducing only 
one crystal, a particular fact becomes apparent. For instance, in case I, 
k = %, considering the first ring of six crystals around the central crystal, 
the probability of reducing a grain at this distance is 6 X 80 per cent = 
480 per cent, which is almost fivefold more than the most exposed grains 
(100 per cent). We have to sum up the probability for all the grains at a 
given distance from the source as shown in Fig. 3. The distribution of 
the values is similar to that obtained by Caro [4]. This figure allows us 

Case I BBBBH 
Cose III ^ ^ 

Electron Microscopy Light Microscopy 

FIG. 3. Comparison of the patterns for light and electron microscopy concerning 
resolution. The hatched histogram represents the most unfavorable conditions in 
electron radioautography (case 3) and the darker cross hatching represents the 
most favorable conditions (case 1) . They are drawn for k = 1. The continuous curve 
corresponds to the blackening in light microscope radioautography according to 
the equation given in the text. The level of maximum blackening is arbitrarily chosen. 

to compare the discontinuous pattern of resolution with that described 
by Doniach and Pelc [7]; that is to compare 

dy J "y=a 
■ 

11 h 
{ b + y)2 + X2 with δ = ß, k = — = 1 

e 
Obviously r is taken for half the thickness of the emulsion, that is, a = 2 r. 

Thus the diagram for electron microscopy is much more severe than 
the continuous curve of light radioautography. 

All these considerations emphasize the idea that, in our case, the 
important factor is the distance of the crystal from the point source. 

In conclusion, we have analysed the resolving power only as it is 
affected by the geometric factor of crystal diameter. This model has two 
peculiar characteristics: discontinuity and conic projection. 
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It is interesting to consider that this geometric model alone—beyond 
any photographic or isotopic factor—poses the problems of contrast and 
resolution. We can therefore speak of "geometric resolution" and it would 
also be possible to define a "geometric sensitivity." But even if our model 
can explain certain aspects of contrast, it also has its limitations: (1) 
The "geometric resolution" is limited by the thickness of the ultrathin 
sections. The loss of resolution is evident in Fig. 2 for k = %, which 
corresponds to crystals of 150 A in diameter and to sections which are 
450 A thick. (2) If there are two classes of crystal diameters mixed in 
one emulsion, the "geometric sensitivity" of the smaller crystals will be 
much inferior to that of the larger ones, and if the smaller crystals are 
a minority in the population, they will probably play no role in improv
ing the resolution. For this reason it is important to obtain an emulsion 
which is as homogeneous as possible. 

We have neglected the emulsion properties other than crystal size: 
Bachmann and Salpeter (1) have studied some of these aspects, but the 
minimal dimension of the gelatin layer adsorbed onto the crystals has 
still to be determined. We have also neglected an isotopic factor; it is 
difficult to evaluate the energy loss along the track within one or several 
silver halide crystals. Indeed, in small crystal emulsions, several crystals 
can be reduced by a single electron (5). 

These two factors (emulsion and isotopic) would tend to decrease 
the resolution calculated by the geometric model. The experimentally 
measured resolving power will be less. The smaller the crystal, the 
greater the discrepancy between geometric and experimental data. 

The geometric model presented here has primarily theoretical value, 
and data which may be calculated should be considered as approxima
tions only. 

ROUTINE CYTOLOGICAL TECHNIQUE 

We shall consider first the ideal conditions, and afterwards the 
practical method we employ. 

What Are the Requirements for the Routine Technique 
in a Nonspecialized Laboratory? 

The technique should provide simple procedure, easy handling; 
sufficient resolution and sensitivity, and perfectly reproducible results. 

An ideal emulsion must be: rich in silver bromide, i.e., contain more 
than 90 per cent; it must have grains which are small enough to give an 
adequate resolution relative to the dimensions of the chief intracellular 
organelles. On the other hand it is not necessary to use an emulsion with 
extremely small crystals for thin sections since the factor limiting the 
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resolution is chiefly the thickness of the section rather than the diameter 
of the crystals. 

We feel that the most important practical factor is the silver-to-
gelatin ratio. Emulsions with undeveloped crystals below 700 A in 
diameter are very rich in gelatin. Therefore, they cannot be used without 
concentration, which is a source of many difficulties. 

We had hoped to find the ideal emulsion in NUC 307 from Gevaert, 
although it should be possible to obtain a still smaller crystal diameter 
with the same silver-to-gelatin ratio. NUC 307 is advantageous because 
of its high silver content and its small crystal diameter, which is one 
half of that of L4 (0.7 μ instead of 1.4 μ). Unfortunately, some batches 
of this product have not been reliable in the past. 

In summing up, we think that, for cytological purposes, it is much 
more advantageous to obtain an emulsion which is regularly of very 
high quality than to improve resolution without perfect reliability. 

What Is the Ideal Substratum? 
That is to say, what is the ideal surface for coating? We think that 

the layering must be made on a restively large and flat surface. 
An even surface is an important factor for permitting homogeneous 

layering. It is important to remember that a membrane on a grid is not 
an even surface; this is evident if we look at a grid with shadow-casting 
or one covered with a very diluted emulsion. A large surface is re
quired for good reproducibility and easy control. The ideal method is 
the elegant coating technique of Kopriwa and Leblond [16], as used 
in light radioautography. Large surfaces are desirable in order to reduce 
the edge effects to a minimum. The beaker used for dipping must be 
deep enough to allow a large part of the slide (about 4 cm) to be covered 
at once, and large enough to allow good mechanical agitation. 

Routine Method in Use 
The routine method we use is very reliable. It resulted from further 

development of previous investigations. 
Some authors have been dipping the whole grids covered with sec

tions into the emulsion [13, 26, 32]. Other investigators have used 
membranes without grids for coating, but the emulsion was not applied 
by dipping [24, 27]. Another method has recently been described by 
Salpeter and Bachmann [29] where the dipping is replaced by dropping 
a small quantity of concentrated NTE emulsion on a glass slide. We 
still feel that the dipping procedure is an extremely important aspect 
of the membrane technique, and is its main advantage. The experience we 
have had with this technique in association with Dr. B. Droz during the 
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FIG. 4. (a) Control of the coating of NUC 307 carried out on glass slide by 
dipping. Formalin fixation. GMA embedding. 1: tangential section; 2: perpendicular 
section showing the monogranular layering. There exist some "holes" without crys
tals, pulled off during the sectioning process. Magnification: 20,000 X. ( b ) Monkey 
kidney cell 24 hours after infection by SV40 virus and labeled with 3H-thymidine. 
Coating of NUC 307 with the dipping technique. Exposure time: 9 days. Gelatin 
not removed. Magnification: 12,000 χ . 



ELECTRON MICROSCOPE RADIOAUTOGRAPHY 51 

past 20 months has confirmed this view. Furthermore, regular testing of 
the background on the grids outside the sections has given us much 
lower and more constant values than with other methods. 

In order to have a large coating surface, we use glass slides covered 
with a thick layer of collodion (Parlodion, 1.0 g in 100 ml amyl acetate). 
The previously cleaned slides are dipped into this solution and allowed 
to dry at room temperature. Then the sections are laid down onto the 
membranes with a plastic ring [20]. 

In the darkroom—under safe-light illumination (Kodak Wratten series 
2 filter)—a quantity of NUC 307 is melted at 37°C and then diluted to 
about one-fourth with distilled water. It is necessary to have moderate 
agitation and sufficient time in order to get a homogeneous suspension. 
The slides are coated by dipping according to Kopriwa and Leblond 
[16]. After dipping, the emulsion is allowed to gel, and is then dried 
and stored at 4°C in storage boxes for the exposure time. 

The development must be strong enough for the grains' characteristic 
coiled shape to be seen easily at the usual magnification. For cytological 
purposes it may be necessary to have the entire nucleus or even the whole 
cell on the screen of the electron microscope, and the grains should 
therefore be readily visible. We are not sure that underdevelopment is 
desirable, in spite of possibly better resolution. Normal development is 
probably more reproducible as far as the number of grains per elec
tron is concerned. Usually we develop for 5 minutes in D 19 at 18°C. 
Figure 4 illustrates the result of this technique and shows that it can be 
used for studies on nucleolar metabolism (as presented elsewhere [8]). 

After fixing in buffered hyposulfite without hardener [12], the glass 
slides are rinsed and then dried at room temperature. Afterward, the 
membrane is floated on distilled water and either a single grid is slipped 
under the floating membrane at the site of the sections or several grids 
are laid down with caution over the membrane which is then picked 
up in the usual way (Fig. 5). 

A Few Points for Further Emphasis 
(1) To prevent the membrane from floating off during dipping and 

the subsequent processes, it is recommended that the bottom of the 
slides be bordered by dipping the lower few millimeters in concentrated 
collodion. In the subsequent handling we never dip our slides deeper than 
to the upper limit of the more diL \e collodion which forms the actual 
membrane. The removal of the membrane from the slide is always easy, 
provided the collodion membrane is thick enough. 

(2) The ideal layer is monogranular. However, we feel that a small 
number of excess grains affects the resolution less than an incomplete 
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dipping 

5 6 

10 
FIG. 5. Technique for electron radioautography on glass slides as described in 

this paper: (1) Drying of the collodion membranes. (2) Rim of concentrated solu-
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layer. Direct electron microscope examination of the layer is not reliable 
enough. A good control technique is to fix the membrane covered with 
emulsion in formalin, and then to embed it in water-soluble plastics, like 
glycol methacrylate (GMA) [18] or 2-hydroxypropylmethacrylate 
(HPMA) [19]. Ultrathin transverse sections of the layer are cut with 
an ultramicrotome and examined with the electron microscope (Fig. 4) . 
This method shows much better the exact position of each grain within 
the gelatin layer than does direct examination. 

(3) Our technique does not necessarily require the removal of the 
gelatin. With GMA specimens the examination and grain count may be 
carried out without removal of the gelatin layer and without staining. 
But in order to get good pictures with excellent contrast, it is better to 
take off the gelatin. This allows adequate staining. As acetic acid [12] 
attacks the collodion, it is desirable to place a layer of carbon onto the 
collodion before putting the specimens onto the slides. 

The carbon layer has been proposed by Bachmann and Salpeter [1] 
for preventing the emulsion from being desensitized by the section. Un
like our procedure, this layer is put between the section and the emul
sion. The usefulness of this carbon film has been tested by systematically 
checking the sensitivity of emulsions with an electron microscope [1]. 

(4) Bacterial contamination is an important problem during manu
facture of the gelatin and the emulsion. In order to avoid contamination 
during our procedure, we rinse our containers with alcohol and discard 
the batch after having utilized it once. 

The Problems of Quantitative Radioautography 

Should quantitative studies be carried out, the technical problems to 
be solved are more complex. 

(a) Constant sensitivity is required, that is to say, strictly equal 
layering regardless of the presence of sections. With the method here 
described, the coating of the emulsion seems to be very homogeneous 
and reproducible from one slide to another during the same experiment, 

tion of collodion on· the bottom of the glass slides. (3 ) Deposit of ultrathin sections 
on the marks by means of a plastic ring. (4) The glass slide is ready for the coating 
of the emulsion. (5) Dipping. (6) Gel formation on all the glass slides at the same 
angle: 30°. (7) Open box containing the glass slides for development, fixing, and 
rinsing. (8) Three successive layers on the glass slide: developed emulsion, section, 
collodion. (9 ) and (10) Floating the membrane with sections on distilled water. 
(9) A grid is slipped under each group of sections. Then the glass slide is lifted and 
the grid carries the three layers. (10) Alternative method: the membrane is entirely 
floated off. Grids are deposited on sections and the membrane is picked up with a 
filter paper. In this case the sections are between the grids and the collodion. 
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provided that the following factors are constant for all the slides which 
are handled together: the dilution of the emulsion, the depth of dipping; 
the position of the sections on the slide, as there exists a gradient in the 
emulsion along the slide (for us, 2 cm from the lower edge), the tem
perature and moisture of gelling, the conditions of drying, and the con
ditions of the photographic process. This allows reproducible blackening 
from one slide to another. But all these considerations still neglect the 
presence of sections. 

(b) Additional difficulties arise from the presence of sections of 
biological material. It does not seem to be possible to get perfectly iden
tical thicknesses of sections from one block to another. 

Within the same section, there are differences in thickness of cytolog-
ical structures according to their hardness and density. 

It seems to us that quantitative measurement is handicapped by the 
unevenness of the surface of the section. Ideal quantitative radioautog-
raphy would require a modification of the present cutting technique. 
The only way to escape this difficulty is to refer the activity to a stand
ard source located in the section and preferably in the cell itself, as has 
been proposed previously [2, 3, 22, 23, 28, 31]. 

In conclusion, the tissue section is the main limiting factor for reso
lution and quantitative work. With this in mind, we shall treat the third 
problem. 

THE NEW EMULSIONS WITH VERY SMALL CRYSTALS 

The new emulsions discussed here will be, in our opinion, generally 
useful for the study of small particles not embedded in a plastic (macro-
molecules, viruses). These emulsions are very different from those we 
have already mentioned (Ilford G5, K5, L4, Gevaert NUC 307), which 
have a grain diameter equal to or more than 700 A. As a matter of fact, 
by "new emulsions" we mean Kodak NTE introduced by Bachmann and 
Salpeter [1] and an emulsion prepared for us by Kodak-Pathe, Vincennes, 
France [11]. These emulsions share two particular features: the percent
age of silver to gelatin is low (about 50 per cent in our case) and the 
sizes of the undeveloped crystals are very variable. 

For these reasons it is necessary to purify and concentrate these 
products before use. 

The technique for use of these emulsions is not yet entirely worked 
out. However, the method we have described is the only way, in our 
opinion, to use very fine grain emulsions [11]. It has already given 
interesting results (Figs. 6-8). 

The principle of this method is as follows: a Lippman-type emulsion 
is centrifuged producing a different type of emulsion (the supernatant) 
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FIG. 6. ( a ) Mouse fibroblast labeled with 3H-thymidine. Experimental emulsion 
from Kodak-Pathe (France) unpurified. Presence of many clumps of silver (at 
arrows) on the nucleus ( N ) and nucleolus ( N u ) . Magnification: 27,000 X. ( b ) 
Same specimen, same emulsion, no clumps (see text) . N = nucleus; Nu = nucleolus. 
Magnification: 27,000 X. 
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FIG. 7. Portion of a monkey kidney cell in cell culture labeled with 3H-thymi-
dine. Experimental emulsion from Kodak-Pathe. Reduced silver grains are located 
on chromatin zones (Chr) of the nucleus (N). Exposure time: 3 weeks. Develop
ment: D 19. Magnification: 36,000 X. 
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FIG. 8. Portion of a nuclear inclusion of SV40 virus in a monkey kidney cell, 
4 days after infection and labeling with 3H-thymidine. Experimental emulsion, Kodak-
Pathe. Exposure time: 3 weeks. Development: D 19. Very small developed grains. 
Magnification: 45,000 X. 
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which is very much diluted and has undeveloped crystals of a diameter 
of 300 to 350 Ä (including the shell of gelatin). The concentration and 
coating of this emulsion are both carried out by centrifugation. 

Procedure 

(a) Granulometric Separation. The goal is to eliminate the coarsest 
crystals as well as the clumps of particles or other contaminants in order 
to keep only the finest grains. The separation can be made only by cen
trifugation. The viscosity of the emulsion must be lowered prior to sedi
mentation by dilution to one-tenth of the original concentration and 
heating at 37°C during centrifugation, which is carried out for 2 hours 
at 3000 rpm. The pellet is discarded and the supernatant which contains 
the finest crystals is used. The measurement of the diameter of the crys
tals, to measure the degree of purification, must be done by surface 
replica or shadow casting. In order to determine the diameter of the 
crystal following the usual practice, it would be necessary to measure 
particles stripped of their shell of gelatin. However, for our purpose it 
has been sufficient to compare the shadow-cast crystals before and after 
the first centrifugation (Fig. 9). 

(b) The Coating. The supernatant has to be concentrated first since 
the emulsion is very much diluted during purification. This concentration 
is also performed by centrifugation, which seems to be the only method 
of modifying the silver-to-gelatin ratio. Centrifugation has been used 
before, but has been applied directly onto grids and only for emulsions 
with a high silver-to-gelatin ratio [6, 15]. With such emulsions the benefit 
of this difficult handling is greatly diminished. In the present work, the 
layering is carried out on large concave cylindrical lenses (surface about 
20 cm2) with a radius of curvature which corresponds to the radius of 
centrifugation. These lenses are covered with a membrane as used in 
electron microscopy. The use of large surfaces has the same advantages 
for control and reproducibility as it does in the dipping technique. 

After precipitation, the layer is gelled, then poured off with care and 
allowed to dry. The next steps are performed according to the technique 
already described in the section on routine cytological techniques. 

FIG. 9. ( a ) NTE emulsion diluted. Shadow casting; heterogeneity of crystal 
diameter. Magnification: 25,000 X. ( b ) New experimental emulsion from Kodak-
Pathe (France) very much diluted. Shadow casting; heterogeneity. Magnification: 
25,000 X. (c ) Same emulsion as for ( b ) , after centrifugation according to our 
technique. Shadow casting. The clumps and the biggest crystals have disappeared. 
Only the smallest crystals are present, and they are relatively homogeneous. Mag
nification: 25,000 X. 
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For control, some membranes coated with emulsion are embedded in 
a plastic for sectioning. The embedding produces some artifacts due to 
the fineness of the grains but it has the advantage of showing the orga
nization of the sensitive crystal layer (Fig. 10). 

Concerning this procedure, two points must be emphasized: 
(1) We have been using this emulsion in multilayers. The emulsion 

NUC 307 was initially used in multilayers as well, before we were regu
larly able to produce monolayers. We are not sure whether monolayers 
are also desirable for the Lippmann emulsion because of the adsorbed 
gelatin. 

(2) Our procedure does not lead to a complete precipitation of all 
the crystals in the suspension. It is conceivable that finer grain emulsions 
can be manufactured, and thus the technique may still be improved. The 
question is to know how far the sensitivity is maintained. 

A procedure for modifying the silver-to-gelatin ratio, also based on 
centrifugation, has been proposed by Bachmann and Salpeter [1]. But 
these authors do not use the supernatant; on the contrary, they resuspend 
a part of the pellet and the coating is not carried out by centrifugation. 

CONCLUSIONS AND SUMMARY 

There exist two different techniques of radioautography at the elec
tron microscope level. 

The first one is to apply emulsion on thin sections for cytological 
investigations. This technique is standardized; the limiting factor is the 
thickness of the section. The best emulsion for this purpose is thought 
to be similar to NUC 307 Gevaert, but should be regularly produced 
in perfectly reliable samples. The technique of layering by dipping glass 
slides without grids is very useful. It gives good reproducibility and 
uniformity of thickness of the emulsion. Since the principal difficulties 
of layering are solved, it is possible to study some problems of resolution 
and sensitivity on a practical basis. In spite of the present lack of perfect 
reproducibility of the thickness of ultrathin sections, this technique al-

FIG. 10. (a ) New experimental emulsion from Kodak-Pathe (France) un
diluted and without separation. Coating by dipping. Formalin fixation. GMA em
bedding. The layering is uneven, poor in crystals, and very thick. Magnification: 
12,000 X. ( b ) Same emulsion undiluted. Layering by centrifugation. The evident 
gradient may be due to insufficient acceleration. Magnification: 12,000 X. (c) Same 
emulsion diluted, purified, and layered by the technique presented here. This layer 
is very rich in silver halide crystals. Alcohol fixation. HPMA embedding. Magnifica
tion: 20,000 X. 
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ready offers possibilities for quantitative studies and allows comparison 
of the metabolism in different cells at high resolution [9].1 

A second technique of high resolution radioautography is proposed 
for the study of small isolated particles. An emulsion of extremely small 
grain is used (from Kodak-Pathe, Vincennes, France). We propose a 
technique for purification by means of centrifugation. The advantage of 
this technique is the ability to separate a fraction of the finest grains 
which are alone used for coating. It is suggested that this method may 
be useful in the field of molecular biology. 
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APPLICATION OF FREEZE-DRYING AND 
FORMALDEHYDE-VAPOR FIXATION TO 

RADIOAUTOGRAPHIC LOCALIZATION 
OF SOLUBLE AMINO ACIDS1 

EARL P. BENDITT, GEORGE M. MARTIN, AND HOWARD PLATTER2 
Department of Pathology, University of Washington, Seattle, Washington 

INTRODUCTION 

Localization of large molecules susceptible to fixation in situ by ordinary 
fixatives and demonstration by radioautography has been eminently suc
cessful. Although while attempts to localize soluble compounds and to 
demonstrate them by radioautography have been made, all suffer from 
the drawback: lack of a fixing step in the procedure [1, 4, 7, 9, 15]. This 
provides the possibility of movement of the compound during tissue 
preparation, application of the emulsion, and subsequent exposure. 

In this laboratory we have been exploring the combination of freez
ing-dehydration and fixation with vapor reactants for application to the 
histochemical problem of soluble molecules such as histamine and 
acetylsalicylic acid and for use with various demonstrating reactions in
cluding radioautography [3, 11, 12, 17]. Others have applied similar 
techniques to the demonstration of the catecholamines [5, 8]. The basic 
principle of the technique is as follows: (1) Quick freezing of appro
priately sized pieces of tissue under conditions designed to minimize ice 
crystal artifacts and to hold various intracellular and tissue items in situ. 
(2) Dehydration (after Altmann and Gersh, see Benditt et al. [2]) from 
the frozen state under conditions which will maintain localization and 
tissue architecture. (3) Application of reagents in the vapor state suitable 
for a given compound. The requirements of this last step are that the 
reagent, or combination of reagents, form covalent bonds with the small 
molecular substance and maintain them in situ by cross-linking them with 
immediately adjacent tissue elements or with formed polymers. This com
munication presents a preliminary resume of some experiments utilizing 
the combination of freeze-drying and vapor fixation of the dried tissue 
for localization of the intracellular soluble forms of an amino acid. 

1 This work was supported in part by U.S. Public Health Service grants H-03174, 
AM-04826, and 2T-1-GM-100. Work was assisted by Mrs. Grace Warren and 
Mrs. Mary Derr. 

2 Summer Premedical Student Research Trainee. 

65 



66 E. P. BENDITT, G. M. MARTIN, AND H. PLATTER 

MATERIALS AND METHODS 

The material chosen for the initial exploration of the technique was 
a strain of human fibroblasts grown as monolayer cultures on cover slips. 
The advantages of such a system are: (1) large numbers of a uniform 
population of cells could be obtained [13]; (2) a high level of radio
activity could be introduced under conditions of known amino acid com
position in the extracellular medium; time sequences could then be 
studied by incubating the cover slips briefly for known time intervals in 
the medium containing the isotope-labeled amino acid; (3) on one cover 
slip a series of observations could be made, including (a) counts of initial 
total radioactivity, (b) counts after application of the fixative as vapor, 
(c) determination of the percentage retention of isotope after exposure 
to solvents and (d) radioautography. 

Preparation of Monohyers 
Diploid human skin fibroblast cultures were established by explant 

techniques from foreskins of newborn babies and maintained in Way-
mouth's medium supplemented with 10 per cent newborn calf serum 
(heated to 56°C for 30 minutes) and penicillin (50 units/ml). The 
studies reported here were performed with strain Andrew Martin (AM) 
at the 5th to 14th passages (6 weeks to 6 months of continuous cultiva
tion ). Trypsinized cells (approximately 50,000 cells/ml) were allowed to 
attach to 22 mm square cover slips (#1 thickness, Gold Label) in 35 mm 
plastic petri dishes, as previously described [13, 14]. A total of 100,000-
125,000 cells were plated per dish. After 20-72 hours incubation at 37°C 
in 5% C02-air, the monolayers were used for the experiments. At this 
stage, the monolayers were not confluent except for a few patches in 
para-central areas. 

Pulsing Technique 
Immediately before incubation in radioactive media, the monolayers 

were rinsed in a modified Hank's balanced salt solution buffered with 
0.02 M tris(hydroxymethyl)aminomethane^HCl (pH 7.4 at 37°C) in
stead of bicarbonate. 3,4-3H-L-proline hydrochloride having a specific ac
tivity of 5 curies per mmole (lots No. 46-283-101 and 46-287-12, New 
England Nuclear) was added to Waymouth's medium without proline 
supplemented with 10 per cent newborn calf serum and penicillin (50 
units/ml) and buffered with 0.02 M Tris-HCl (pH 7.4 at 37°C) instead 
of bicarbonate to give final concentrations of tritiated proline ranging 
from 5 μΰ/πιΐ to 400 μο/πύ. Pulsing was always performed by immersing 
the cover slips in a Columbia staining jar containing 10 ml of the radio
active media. Incubation times varied from 15 seconds to 108 minutes 
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(at 37°C). In early experiments, cover slips were then rinsed in 5 changes 
of Tris buffered Hank's balanced salt solution in Columbia staining jars 
(10 ml per jar). In most of the experiments, however, cover slips were 
successively agitated in 3 staining dishes, each containing 500 ml Tris 
buffered Hank's solution and maintained at 37°C. With short incubation 
times ( < 9 minutes), the cover slips were handled one at a time with a 
watchmaker's forceps, pulsed, and rinsed. For longer incubation times, 
groups of 4 to 8 cover slips were processed simultaneously, rinsing being 
carried out with a stainless steel cover slip carrier (Lipshaw, Detroit). 
Excess fluid was drained from each cover slip immediately after incuba
tion (except in the case of 15-second and 1-minute incubations) and after 
the final rinse by touching to absorbent tissue paper. After a total of 
8 cover slips had been processed, the first rinse was discarded, the con
tainer rinsed with distilled water, and 500 ml of fresh Tris buffered 
Hank's solution was added; this was now employed as the final rinse. 
The previous final rinse was now used as the second rinse while the 
previous second rinse became the first rinse. This operation was repeated 
until a batch of 24-40 cover slips had been processed. 

Fixation 
Immediately after the final rinse cover slips to be freeze-dried were 

instantly frozen by quenching in isopropane chilled just to freezing by 
liquid nitrogen. These were then dehydrated in an apparatus previously 
described [2]. In certain experiments, groups of cover slips were also 
fixed in 95 per cent alcohol or in 4 per cent formaldehyde formalin in 
50 per cent alcohol at room temperature for periods of 11-20 hours. 
After fixation they were washed in 5 changes of fresh fixative in Columbia 
jars (10 ml per jar) and air dried. 

Exposure to the vapor fixative, paraformaldehyde, was performed in 
a desiccator (160 mm inside diameter) maintained at the desired tem
perature in an air oven. Fifteen to twenty grams of the solid paraformalde
hyde (Matheson, Coleman and Bell, 35140) was placed in a dish on the 
perforated porcelain platform of the desiccator and beside it, when used, 
a saturated solution of Nal in water. The cover slip monolayers were 
placed at the bottom of the jar, either vertically in stainless steel cover 
slip holders or cell side up in small petri dishes. The temperature of the 
vapor was measured and preadjusted to the desired level prior to ex
posure of the tissues. The whole apparatus was kept in a hood. 

Measurement of Radioactivity 
A windowless gas flow counter (Model D47, Nuclear, Chicago) with 

automatic sample changer and T3 time delay valve was employed to 
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measure the radioactivity of the cover slip monolayers. Although the 
efficiency of counting of tritium in such a system is very low, the levels 
of radioactivity which were achieved in this system were easily sufficient 
for analytical purposes (100 to 500 times the background). 

Radioautography 
In order to minimize direct handling of the monolayers, the cover 

slips were attached to standard microscope slides with small strips of 
tape (with adhesive on both sides). Using a loop constructed of 1 mm 
diameter stainless steel, the slides were covered with a "bubble" obtained 
by mixing 2 parts of Eastman Kodak N.T.B. #2 emulsion with 1 part 
1 per cent aqueous solution of Ivory flakes at 40°C. The excess emulsion 
was drained off, and the slides dried and exposed for periods of 3 days 
to 3 weeks before developing and counterstaining with hematoxylin and 
eosin. 

Cell and Grain Counts 
The total number of cells per cover slip was estimated after radio-

autography and counterstaining by means of a modified Chalkley 
method [6]. A total of 16 fields were counted at a magnification of 400 
X with a calibrated 10 mm square net micrometer disc (divided into 
100 component squares). In a typical experiment, the mean total cells 
per cover slip of a group of 22 replicate monolayers was 148,772 with 
a standard deviation of ± 20,200. Radioautographic grain counts were 
performed with the same disc at a magnification of 1000 X; in each of 
25 fields, grains in 4 component squares were counted over cell cytoplasm 
and background. 

EXPERIMENTAL OBSERVATIONS 

The Time Curve of Uptake of Free Amino Acids 
It was first necessary to determine the free amino acid uptake curve 

by the fibroblasts. For this purpose a series of cover slips, grown simul
taneously, were pulsed with 5 μο of proline per ml of medium for times 
varying from 20 seconds to 108 minutes. After pulsing with the incuba
tion medium containing the labeled amino acid, each cover slip was 
washed as indicated above to remove the excess amino acid. At each time 
period (20 seconds, 1, 3, 9, 18, 54, 108 minutes) duplicate cover slips were 
treated in each of the following ways: (a) fixed for 16 hours in 50% 
ethanol containing 4% formaldehyde; (b) frozen, dried from the frozen 
state for 4 days, fixed for 16 hours at 60°C in paraformaldehyde vapor. 
In addition, two sets of cover slips were treated before incubation in the 
medium containing labeled proline by immersion in unlabeled Hank's 



FIXATION OF SOLUBLE AMINO ACIDS 69 

balanced salt solution (without Tris or bicarbonate buffers) heated to 
80°C for 5 minutes. Duplicate sets of these were then treated as described 
above. The radioactivity in the cover slips was counted and the counts 
per minute per cover slip calculated. Counts for each pair of cover slips 
were averaged and the data are shown in Fig. 1. 

The alcoholic formalin was used to fix proteins and other large molec
ular complexes and was intended to dissolve out the free amino acids 
and any small metabolic products of these. The frozen-dried cells not 
exposed to any solvent action were used to provide a measure of the 

EFFECTS OF FIXATION ON RETENTION OF H3 PROLINE 
BY FIBROBLAST MONOLAYERS 
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FIG. 1. Time curves of uptake of soluble and incorporated amino acid ( 3 H-
proline) by fibroblast monolayers. 

total amino acids present both free in cells and those incorporated into 
protein. The difference between these two curves, therefore, represents 
the free amino acid pool. As can be seen in the charts, the formalin-alcohol 
fixed cells exhibited a characteristic uptake into protein with a lag phase 
in the first 10-20 minutes and a rapid and steady rise thereafter contin
uing through the 108 minutes. The curve of total radioactivity, on the 
other hand, rises rapidly with only a slight lag in the first minutes. The 
difference, representing the soluble amino acid pool, rises rapidly at 
the outset and then plateaus at about 1 hour. 

Evidence that the uptake of soluble as well as "fixed" amino acid is 
a metabolically conditioned phenomenon is given in the bottom two lines 
of Fig. 1. Here we see that heat-killed cells showed no significant uptake 
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of radioactivity in the 54-minute time period studies irrespective of the 
kind of fixation. 

With this information, experiments could then be designed to find 
out the optimal conditions for fixing the soluble amino acids. 

Conditions for Fixation of Soluble Amino Acids 

From the curves described in the preceding section it became clear 
that the maximum differential between total amino acids and bound 
amino acids, in other words the soluble amino acid pool, occurred at 
about 10 minutes. Therefore for the remainder of the experiments, 
designed to test the effects of fixation on solubilization of amino acids, 
10 minutes exposure to the labeled amino acid was used. All cover slips 
were then quenched in the freezing mixture and dried in the frozen state 
as described. 

A variety of temperatures and times up to 21 hours of fixation with 
paraformaldehyde with and without deliberate control of the water 
vapor pressure were tried. Up to the present the best conditions regularly 
achieved for fixation of proline are a vapor temperature of 80° C in the 
presence of a water vapor saturation of 23% (provided by the saturated 
Nal solution). As shown in Table I, 21 hours exposure to the formalde-

TABLE I. The Effect of Time in the Presence of a Controlled Water Vapor 
Pressure*1 on Fixation in Formaldehyde Vapor at 80°C 

Time (hours) 

2 
4 

21 

After 
to 

Countable 

exposure 
fixative 

48 
56 
19 

radioactivity0 

After rinsing 
in water 

71 
72 
79 

a About 2 3 % saturation, in equilibrium with saturated Nal solution [see "Hand
book of Chemistry" (N. A. Lange, ed . ) , p . 1422. Handbook Publ., Inc., Sandusky, 
Ohio, 1956]. 

& Per cent retained following treatment when compared with immediately 
preceding state. 

hyde vapor minimizes the leaching by water of the radioactivity which 
could be detected after the fixation step (Column 3). However the gain 
in percentage (71-79%) of retained label is small when compared with 
the loss in measurable activity suffered during fixation. This apparent 
loss in radioactivity (seen in Table I, column 2) occurs regularly with 
increasing exposure to the vapor fixative. It does not seem to be due to 
loss of label 3H- from the compounds or loss of compounds from the 



FIG. 2. Radioautograph of fibroblast monolayer cells incubated 10 minutes in me
dium containing 400 μο 3H-proline per ml. Fixed in formaldehyde vapor at 80°C for 4 
hours with 23 per cent humidity. Exposed 7 days. Hematoxylin-eosin counterstain. Mag
nification in microscope: χ 160; in photomicrograph, X 1280. 
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tissue, but to absorption of the low energy ß-particles by the polymerized 
material added during fixation. 

Radioautography 

Figure 2 shows a representative radioautograph of monolayer fibro-
blast cells. It is clear from this and many other preparations that the 
radioactivity is confined within cell boundaries. No differential disposi
tion of the label within the cell can be made out. The presence of label 
over the nucleus is due in part to the fact that these are whole cells 
(not a section) and cytoplasm overlies the nucleus. The distribution after 
a shorter time or with a short "chase" may well show differential localiza
tion. 

By count the ratio of grains over the cell to background in this case 
is greater than 10:1. The background regularly is variable due to factors 
not yet clear. One thought was that this was due to reduction of silver 
by residual aldehyde. However, when semicarbazide was used in an 
effort to remove possible free aldehyde and hence lower the background, 
no significant improvement occurred. 

DISCUSSION 

Previous attempts to localize by histochemical means, and we include 
here radioautography as a form of histochemistry, compounds soluble in 
aqueous or nonaqueous media have usually not attempted fixation. The 
most recent attempts were by Appleton [1], who used frozen sections 
cut at — 10°C and dry stripping film attached at —20 to —30°G and 
maintained at the low temperature. The drawback of this and the 
similar technique used by Fitzgerald [9] and others comes immediately 
in the sectioning. It is a well known fact that during cutting of a frozen 
block with a knife the ice block melts at the knife edge. In fact this is 
the mechanism of the cutting process. Furthermore, the temperatures 
used permit substantial movements of water because the eutectic points 
of the salts in the tissues are quite low [2]. Thus there are many op
portunities for diffusion or movement of unfixed substances. 

Introduction of covalent bonding and polymer formation in cells and 
tissues under conditions designed to prevent movement of the substances 
provides a way around these difficulties. It was with the aim of inducing 
such bond and polymer formation that we originally used formaldehyde 
vapor on frozen-dried tissues for the purpose of fixing the highly soluble 
histamine [12]. 

The property of forming resinous products on reaction with other 
chemicals is one of the most useful characteristics of formaldehyde and 
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is the basis of its immense industrial importance in the synthetic resin 
industry. Under suitable conditions, the molecules of many compounds 
are linked together by methylene groups when subjected to the action 
of formaldehyde [16]. It has long been known that formaldehyde reacts 
with amines, imines, phenols, imidazoles, indoles, and sulfhydryl groups. 
In aqueous solution most of these reactions proceed smoothly at moderate 
temperatures. In the case of the imine group of proline this has been 
shown to occur [10]. Two distinct mechanisms are probably involved in 
resin-forming reactions: (1) the polycondensation of simple methylol 
derivatives, and (2) the polymerization of double-bonded methylene 
compounds [16]. Although in some cases the mechanism is definitely one 
or the other of the above, it is often not clear which is followed and both 
may play a part in some instances. 

It is not clear from the experiments described to what the radioactive 
amino acid—proline in this instance—is tied in the cells by the fixation. 
However there are many compounds present in tissues, including pro
teins, sugars, unsaturated lipids, perhaps some of the nucleic acids, and 
small molecules, which may be linked to each other and to the proline by 
the formaldehyde. In addition to this type of linking, formaldehyde 
forms polymers with itself and these may help to build the fixing 
medium [16]. Evidence suggesting that soluble substances originally 
present in the cells are mainly responsible for the polymer formation 
with formaldehyde in the vapor comes from the following information: 
As noted in the experiment in Table I, extending the exposure of the 
cells to formaldehyde vapor from 4 hours to 21 hours causes a more than 
70 per cent decrease in countable radioactivity. However, if one first 
treats the tissue with aqueous alcohol and then exposes overnight to 
formaldehyde vapor no such reduction in measurable activity occurs. 
Presumably this is due to loss of those substances contained in the cells 
which can be linked by formaldehyde. Otherwise the formation of the 
formaldehyde polycondensation products should reduce the radioactivity 
measured. 

The use of reagents in the vapor phase which have the property of 
forming polymers with tissue constituents and with themselves provides 
a powerful technique applicable to a variety of freely soluble compounds 
of varying molecular weight. In this instance we have concentrated our 
attention upon formaldehyde. This has been done because formaldehyde 
is such a highly reactive substance and because it is particularly reactive 
with amine or imine groups. Other substances having similar properties 
are available and may be necessary since lipids, some sterols, and some 
aromatic compounds may not be fixed by formaldehyde even under the 
present conditions. In these instances other types of reactions, such as 
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oxidation by osmic acid vapor, may be suitable. Elsewhere we will report 
some experiments with other compounds. 

The experiments described here were carried out on monolayers of 
cells cultured in vitro. In the present instance this was done as a matter 
of convenience. However, we know from previous experience that the 
same effects can be achieved by exposing the requisite small frozen-dried 
pieces of tissue to the formaldehyde vapor under the conditions presented 
here [3, 12, 17]. This has been followed by the usual embedding either 
in paraffin or plastic. The plastic has the advantage that thin sections 
(1 μ or less) can fye made. These give superior resolution both in radio-
autography and with the highest powers of the light microscope. We 
still hope, though it may not be possible, eventually to attain mor
phological preservation with freeze-drying so that this technique can be 
applied at the electron microscope level. 

SUMMARY 

The aim of the work described here was to find a set of conditions 
capable of fixing soluble forms of amino acids in cells for radioauto-
graphic localization. The combination of freezing dehydration and ex
posure to formaldehyde vapor at 80°C in the presence of 20 per cent 
saturation of the gas phase with water vapor provided a high retention of 
soluble amino acids. Radioautographic localization showed the amino 
acids to be confined within the cell boundaries of cultured fibroblasts in 
monolayers on cover slips. A consideration of the mechanism of fixation 
suggests that it probably involves the formation of methylene bridges 
between adjacent molecules, particularly those containing free primary 
or secondary amines. In addition to this there may very well be forma
tion of larger polymers with formaldehyde itself. 

The general procedure of combining freezing dehydration and 
fixation in the dry state by gaseous reagents capable of forming covalently 
linked polymers with soluble substances is a powerful technique. It is 
potentially applicable to the fixation of a wide variety of small molecules 
containing radioactive labels which can be demonstrated by radioautog-
raphy as well as by other histochemical reactions. 
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INTERCHANGE OF PROTEIN BETWEEN 
NUCLEUS AND CYTOPLASM1 

LESTER GOLDSTEIN 

Department of Biology, University of Pennsylvania, Philadelphia, Pennsylvania 

INTRODUCTION 

Two years ago at a similar symposium of this Society, I reported [5] on 
the progress that had been made up to that time on the study of two 
previously unknown classes of proteins in amebae that seem to be 
primarily localized within the cell nucleus. 

Two conditions moved us to study these proteins. Our knowledge of 
the behavior and physiological role of nuclear proteins—even of the 
widely studied histones—is relatively minuscule and it is our belief that 
nuclear proteins may be "behaviorally" different from the proteins of 
the cytoplasm. Secondly, the behavior of one of these protein classes is 
so unexpected that the seeming uniqueness of its actions is itself suffi
cient to arouse an investigator's interest. More important, however, is the 
suggestion from these actions that the proteins may play a large role in 
the interaction between cytoplasm and chromosomes. 

BACKGROUND 

The essential characteristics of these two classes of protein were 
established by a variety of experiments [1, 2, 4]. It has been determined, 
by experiments with radioactively labeled cells, that the two classes 
together make up over 90 per cent of the total nuclear proteins of Amoeba 
proteus—the species upon which most of the experiments herein de
scribed have been performed. The class of proteins that is of primary 
interest is the one that has been shown to be in much higher concen
tration in nucleus than in cytoplasm but is in a constant state of back 
and forth migration between nucleus and cytoplasm. (This means, of 
course, that the migration, in one direction at least, must occur by 
mechanisms other than diffusion.) We have chosen for the present to 
call this class cytonucleoproteins (CNP). The other class of proteins 
does not appear to leave the nucleus during the normal cell interphase 

1 The work reported here was supported by grant GM-06774 from the U.S. Public 
Health Service. 
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(but Prescott [7] has evidence that they may be leaving at a slow rate 
when the interphase is greatly prolonged). This latter group we refer 
to as nonmigrating proteins. Our evidence suggests that histones are not 
a substantial fraction of either class of proteins. 

The discovery of CNP was based on the initial observation that 
radioactivity that left a transplanted nucleus laden with 14C-protein was 
found localized almost completely in the two nuclei, if the host was 
unlabeled at the outset and retained its own nucleus (Fig. 1). All 
subsequent experiments confirm the view that CNP must be shuttling 
back and forth between cytoplasm and nuclei, and spending most of the 
time in the nuclei. (We assume that in a normal cell the shuttling occurs 
between the cytoplasm and a single nucleus, but this is essentially im
possible to demonstrate directly. Prescott [7] has indirect evidence that 
this is so.) In an experimental cell such as that shown in Fig. 1, the 
radioactivity was observed to be on the average 2.6 times more concen
trated in the grafted nucleus than in the host cell nucleus. This consistent 
inequality led to the conclusion, substantiated by many experiments, 
that the nucleus contained another class of proteins (comprising, as 
calculations from the data in Table II show, about 37% of all the 
nuclear proteins) that was nonmigrating during the interphase between 
cell divisions. 

A variety of experiments leave little doubt that the label we see, and 
which we take as a marker for the two classes of proteins, is indeed in 
protein [1, 2]. It also has been established that CNP shows varying 
degrees of "specificity" in interspecies grafts [1], that the rate by which 
the distribution of label between host and donor nuclei reaches equilib
rium has a Qio of approximately 1.3 [2], that CNP and nonmigrating 
proteins show very little metabolic breakdown over at least 4 cell 
generations [2], that both classes are uniformly distributed throughout 
the cell during mitosis [2, 7] , and that both classes of protein are prob
ably synthesized—at least in part—in the cytoplasm [2]. 

Having established the above, we continued to refine some of our 
experimental procedures and projects in our sustained effort to under
stand what part these proteins play in the physiology of the cell. In this 
paper we report on our endeavors: (a) to determine the localization of 
the proteins in the nucleus and in the cytoplasm; (b) to determine the 
proportion and relative concentration of CNP in nucleus and cytoplasm; 
(c) to comprehend the mechanism by which the CNP concentration 
difference in the two compartments is maintained; and (d) to extract, 
purify, and characterize the proteins specifically. With respect to these 
objectives, this can be considered only a progress report. 
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FIG. 1. Autoradiograph of part of a squashed ameba (out of focus) into which was grafted a 14C-L-lysine labeled ^ 
nucleus 20 hours before fixation. Radioactivity is almost completely localized in the two nuclei. Magnification: ca. 500 X. ^ 
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EXPERIMENTAL 

Localization of CNP and Nonmigrating Proteins in the Nucleus 

We had reported earlier that examination of sectioned cells into which 
3H-protein-labeled nuclei were grafted showed the radioactivity to be 
more or less uniformly distributed through the nucleus. In fact, in both 
host cell nucleus and grafted nucleus, it was not possible to detect 
particular associations of label with any structure visible in the light 
microscope; we took this to mean that neither class of proteins was a 
significant component of such features as nucleoli or nuclear envelope 
or any invisible structure, since no localized high concentration of 
radioactivity was discernible. 

This view of intranuclear protein localization has been altered by the 
results of more recent investigations. We now have a better view as a 
result of experiments in which centrifugation of cells helped reveal 
structural associations that had been missed earlier. 

Nuclei were transplanted from amebae2 whose proteins were 
heavily labeled with a variety of 3H-amino acids (arginine, histidine, 
leucine, lysine, proline, phenylalanine, tryptophan, and tyrosine) into 
unlabeled amebae and, after a post-operative incubation of at least 6 
hours, were centrifuged. For centrifugation the experimental cells were 
placed in ameba medium layered over 30 per cent Ficoll in a 0.2 ml 
centrifuge tube and spun in a microcentrifuge (Micro-Chemical Special
ties Co.) at 10,000 g for 20 minutes in a refrigerator at approximately 
4°C. Within 2 minutes after the current to the centrifuge was reduced to 
zero, the cells were fixed by squashing on slides in the usual fashion [1]. 
The centrifugation procedure derives from a method developed by 
Rabinovitch and Plaut [8]. Autoradiography and other processing was 
carried out as previously described. (For details of methods not described 
here, see Byers et al. [1].) With experience it became possible to de
termine with considerable certainty which end of the cell was centrifugal 
and which centripetal [3]. 

Examination of the centrifuged cells at once revealed a striking fea
ture: the label in the more radioactive nucleus of a cell had been caused 
to stratify, but the label in the less radioactive (or host cell) nucleus was 
apparently unmoved by the centrifugal forces (see Fig. 2). It is evident, 
however, that not all of the label in the grafted nucleus was stratified; 
rather the concentration of autoradiographic grains over the centripetal 

2 All donor labeled cells in the original experiments discussed in this paper were 
removed from media containing radioactive material at least 12 hours prior to 
nuclear transplantation experiments. This reduced the pool of intracellular acid-soluble 
radioactivity to a relatively insignificant size by the time of the operation. 
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end of that nucleus was seen to be approximately the same as the concen
tration over the host nucleus. From this we conclude that it is only the 
nonmigrating proteins that are sedimentable and associated with some 
intranuclear structure, whereas CNP seem not to be associated with any 
(at least stratifiable) structure. Our preparations do not permit a clear 
discrimination of internal nuclear structure and, thus, at present we can
not even be certain that the sedimentable nuclear radioactivity is asso-

FIG. 2. Autoradiograph (left) and phase-contrast view (right) of part of a 
squashed ameba into which was grafted a 3H-protein nucleus approximately 24 
hours before centrifugation followed by immediate fixation. Centrifugal end of cell 
is toward left; lower nucleus is the grafted one. Magnification: ca. 200 χ . 

ciated with nucleoli, which seem to be the only microscopically de
tectable nuclear structures that are stratified. Our present (not very 
clear) view of cytological detail, in fact, leads us to suspect that the 
sedimentable label is not associated with nucleoli. It is evident that we 
will have to employ more refined methods (probably at the electron 
microscope level) to determine precisely with what structures the intra
nuclear protein label is associated. 

Localization of CNP in the Cytoplasm 
Our earlier studies, which included centrifugal analysis, revealed little 

of cytoplasmic CNP localization. But, again, our recent use of centrif
ugation has shown more than we had been able to discover previously. 
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When cells treated like those described in the above section (or, 
in some cases, the same cells) were examined for distribution of auto-
radiographic grains over the cytoplasm, the label appeared to be dis
tributed more or less uniformly through almost all of the cytoplasm. This 
distribution of radioactivity contrasts markedly with the distribution of 
cytoplasmic organelles and other materials, which are stratified into 
rather distinct layers by centrifugation [3]. There are two exceptions to 
the uniformity of autoradiographic grain distribution over the cytoplasm. 

FIG. 3. Autoradiograph (left) and phase-contrast view (right) of a squashed 
ameba into which was grafted a 3H-protein nucleus approximately 24 hours before 
centrifugation, followed by immediate fixation. Centrifugal end is toward bottom. 
PB, Perinuclear band; Nd, grafted nucleus; Nh, host cell nucleus. Magnification: 
ca. 200 X . 

In well-fed cells, the concentration of autoradiographic grains is low over 
the centrifugal end, obviously because the unlabeled food vacuoles make 
up the bulk of the cytoplasm in that region. The other, and more inter
esting, exception is that in many cases there is seen a "band" of higher 
radioactivity extending from one side of the nucleus in what may be 
any direction in any particular cell (Fig. 3). In whatever direction this 
band of radioactivity extends, it almost always appears to be only on 
one side of the nucleus and usually extends for one or two nuclear diam
eters from the nucleus. 

These phenomena seem to relate to the observations—in uncentri-
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fuged cells—of a decreasing gradient of radioactivity extending away 
from the nucleus in all directions for about 1 to 2 nuclear diameters into 
the cytoplasm. This latter observation was heretofore unexplained but 
now seems to be due to the presence of some kind of perinuclear struc
ture that, as a first guess, may be concerned with the transport of CNP 
into and out of the nucleus. Here, too, electron microscopic studies should 
be carried out to discover the structural basis of these radioactivity 
patterns. 

Quantitative Aspects of the Distribution of CNP 
in Nucleus and Cytophsm 

A variety of matters, such as an interest in the machinery responsible 
for the maintenance of unequal concentrations of CNP on either side of 
the nuclear envelope, has prompted us to investigate in a careful quanti
tative way a number of features of CNP distribution in the cell. We 
earlier knew, for example, that the nuclear concentration of CNP was 
between 40 and 240 times greater than the cytoplasmic concentration [1] 
and that this concentration difference is maintained in the face of what 
seemed like an almost equal concentration of total protein in both com
partments. Data like these, however, were from either indirect or crude 
experiments and a more rigorous analysis seemed in order. 

(1) Relative Concentration of Total Protein in Nucleus and 
Cytoplasm 

To obtain a standard by which to compare our experimental results, 
we determined the relative amount of protein label in nucleus and cyto
plasm. Amebae were grown on 3H-amino acid-labeled Tetrahymena for 
at least 2 generations, by which time the concentration of label in nucleus 
and cytoplasm relative to one another would have reached (we assumed) 
an equilibrium state. Cells from such a population were freeze-substituted 
and then "fixed" with acetic acid, embedded in paraffin, sectioned at 2 μ, 
and processed for autoradiography with Kodak NTB-2 liquid emulsion 
(see Fig. 4). Autoradiographic grain counts were made over ca. 1.5 X 
104 μ2 of cytoplasm and ca. 5.5 X 102 μ2 of nucleus on the average. The 
concentration of grains per unit area is shown for 14 cells in Table I. 
Note that the nucleus is approximately 2M times as radioactive as the 
cytoplasm. According to interference microscope measurements per
formed on this material by Professor A. W. Pollister, the nucleus and 
cytoplasm have the same dry mass per unit area and, thus, there is no 
need to make the corrections for self-absorption that Maurer and 
Primbsch [6] find necessary for other kinds of material. We feel confi
dent, therefore, in concluding that the grain count distribution shown in 
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Table I is a measure of the relative concentration of protein in nucleus 
and cytoplasm. 

(2) Relative Concentration of CNP in Nucleus and Cytoplasm 
Our previous attempts to estimate the relative concentration of CNP 

in nucleus and cytoplasm were hampered by the fact that the difference 

FIG. 4. Autoradiograph of a 2 μ section through a cell that had been grown in 
the presence of 3H-amino acids for more than 2 cell generations. The section is 
Giemsa stained. Magnification: ca. 500 X. 

TABLE I. Comparison of sH-Protein Activity in Nucleus and Cytoplasm of 
"Uniformly" Labeled Amoeba proteus {Number of Grains/25μ2) 

Cell 
A1A (IV) 
A1C (I) 
A1A (II) 
A1A (III) 
A3 A (IV) 
B3A — 
A3A (III) 
A3 A (II) 
A3A (I) 
B1A (I) 
BIB (I) 
B1A (II) 
BIB (II) 
B1A (III) 

Nucleus 
18.98 
14.60 
10.96 
17.58 
17.32 
11.47 
13.45 
14.70 
11.51 
12.29 
16.38 
12.61 
16.60 
14.53 

Cytoplasm 
8.68 
6.53 
5.29 
6.57 
6.92 
6.31 
6.98 
5.54 
5.18 
5.72 
6.44 
6.14 
6.74 
6.08 

X = 14.45 ± 1.37 X = 6.37 ± 0.47 
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in concentration was so great that no autoradiographs could be obtained 
that would permit reasonable grain count determinations to be made in 
both nucleus and cytoplasm of the same cell. If the grain concentration 
over nucleus was sufficient for assay, little or no activity would be detect
able over cytoplasm; if the grain concentration over the cytoplasm was 
high enough for reasonable estimation, the autoradiographs over nucleus 
would be almost a solid mass of black grains. 

To circumvent this difficulty, enucleate cells that had received 3H-
protein nuclei at least 6 hours before were freeze-substituted and proc
essed as those described in the above section. In this instance, however, 
alternate sections were placed on different slides and some were kept 
under autoradiographic emulsion long enough for nuclear grain counts 
(generally 2^4 hours) and slides with adjacent sections were kept under 
emulsion long enough for cytoplasmic grain counts (approximately 5-10 
days). The grain counts were adjusted for the difference in emulsion 
exposure times and we calculated that the nucleus contained an average 
of 61 per cent of the CNP of the cell (see column marked "Mononucleate" 
in Table II) . Since the nucleus makes up only about 2 per cent of the 
volume of the cell, the nuclear concentration of CNP is approximately 
75-80 times as great as the cytoplasmic concentration. This, you will recall, 
compares with the approximately 2M-fold difference in concentration of 

TABLE II. Comparison of CNP Content of Nuclei and Cytoplasm in 
Mononucleate and Binucleate Cells 

Per cent of total cell CNP label in nuclei 

Cells 

3a + 3b 
6a + 6b 

13a + 13b 
l a + l b 

14a + 14b 
4a + 4b 

12a + 12b 
10a + 10b 
23a + 23b 
20a + 20b 
25a + 25b 

Mononucleate 

X : 

53 
41 
41 
63 
84 
77 
66 
79 
63 
65 
37 

= 6 1 % 

Binucleate 
(both nuclei combined) 

79 
57 
79 
76 
89 
85 
85 
84 
69 
71 
88 

"X = 78.5% 
Therefore the cytoplasmic share is: 

39% 21.5% 
Ratio of nuclear CNP/cytoplasmic CNP is: 

1.56 3.65 
(or 1.82 for each nucleus) 
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total protein and thus dramatically calls attention to a remarkable con
centration gradient for CNP. 

[To arrive at the proper concentration relationships in a mononucleate cell 
it is necessary to account for the contribution by labeled nonmigrating nu
clear proteins to the total nuclear autographic grain count. This contribution 
was estimated from analyses of the binucleate members of a pair of cells 
(see next section) by the following formulation: 

Per cent of total cell radioactivity in non-migrating _ ^ 1 ^ 2 _ γ 

protein in binucleate cell ~ N 4- IV + Cvto 

Per cent nuclear activity in CNP in mononucleate _ , , γ _ v 
cell - / V 3 — Λ - Ι 

Per cent of cell's total CNP in nucleus of mononu- ^ 

'M 
cleate cell y + C y t o 

N1 = "Total" radioactivity in grafted nucleus in binucleate cell. 
N2 = "Total" radioactivity in host cell nucleus in binucleate cell. 
N 3 =: Per cent of "total" cell radioactivity in nucleus of mononucleate cell. 
CytoB = "Total" radioactivity in cytoplasm of binucleate cell. 
CytoM = Per cent of "total" cell radioactivity in cytoplasm of mononucleate 

cell. 
These calculations are based on a number of assumptions and some of the 
estimates are not very accurate. Certainly the differences between members 
of a pair (Table II) is sufficiently variable to suggest restraint in the formu
lation of definitive conclusions. There is, however, sufficient internal con
sistency of the averaged values in this and other sections to suggest that 
we are not far from the mark in some of our more general conclusions.] 

(3) Comparison of Relative Concentration of CNP in Nucleus and 
Cytoplasm of Mononucleate and Binucleate Cells 

We had noted in earlier experiments that there seemed to be a differ
ence in relative concentration of cytoplasmic CNP label between mono-
nucleate and binucleate cells. This led us to investigate whether this was 
true, alert to the possibility that detection of a difference of this sort 
might lead to an insight into the nature—or at least the site—of the mech
anism responsible for the maintenance of the CNP concentration differ
ence between nucleus and cytoplasm. 

The following experiment was designed to compare the relative ac
tivities of mononucleate and binucleate cells. The sister cells of a recent 
division of an unlabeled cell were used as paired cells: one was enu
cleated and the other not. Into each of these host cells was grafted a 
nucleus from one sister cell or the other of a relatively recent division 
of a 3H-protein labeled cell. The recipient cells were then kept paired 
through all further processing—which was identical to the processing 
described in the previous section. (In fact, the cells described in the 
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preceding section were the mononucleate cells discussed in this section.) 
Carrying out the experiment in the fashion described, e.g., paraffin blocks 
with but 2 paired cells, led to a considerable loss by the end of the com
plete processing. We thus were left with a total yield of only 11 pairs 
usable for the final analysis, although our initial group consisted of over 
50 pairs. Particularly distressing, moreover, is the fact (revealed by ex
amination of Table II) that keeping the cells paired through the entire 
experimental processing apparently did not yield data better than would 
have resulted from lumping all mononucleate cells in one group and all 
binucleate cells in another. 

The data in Table II seem to show that the cytoplasm of the binu
cleate cell has a smaller share of CNP than does the mononucleate cell 
cytoplasm, whereas the ratio of nuclear activity to cytoplasmic activity 
for mononucleates versus binucleates (1.56 versus 1.82) is fairly close 
and cannot be shown to be significantly different. Taken together, these 
figures suggest that some enzyme-like mechanism—perhaps in the nu
clear envelope—is responsible for the maintenance of a constant pro
portionality between the two compartments, irrespective of the absolute 
quantities and/or volumes involved. Even this conclusion, however, is 
a deceptive simplification because the data refer only to the distribution 
of labeled CNP, while there exists an easily overlooked difference in 
the amount of CNP in mononucleate and binucleate cells. 

If we set the amount of CNP in a normal mononucleate cell at 100 
(61 parts in nucleus, 39 parts in cytoplasm), then the amount in a binu
cleate is 161 (2 X 61 parts in nuclei, 39 parts in cytoplasm at the time 
of the operation). From this we see that 21.5 per cent (the proportion of 
radioactivity) of 161 equals 35 parts for the cytoplasmic share of CNP 
and this is close to the 39 parts in the cytoplasm of the mononucleate cell. 
This means that the distribution between the two compartments is prob
ably identical in amount and in concentration for both mononucleate 
and binucleate cells. 

Regrettably, then, we find that we really have learned nothing of 
the mechanism by which the CNP concentration difference is maintained. 
All we seem to have achieved is some confidence that our analytical 
methods are reasonable ones. Perhaps some clues will be forthcoming 
if and when we can change the relative amount of CNP in the cell inde
pendently of any change in the number of nuclei or by some other pro
cedure of that sort. 

Attempts at Isolation and Purification of the Nuclear Proteins 
In the face of frustration following several attempts to characterize 

physicochemical properties of CNP and nonmigrating proteins by in situ 
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methodology, we have turned to extraction procedures followed by tra
ditional biochemical methods. The biochemical methods require, of 
course, relatively large amounts of material; in fact, the more conven
tional methods would probably—in this instance—require millions of 
isolated nuclei. We believe that isolated nuclei may be far from normal 
(indeed, Prescott [7] has shown rapid leakage of protein from isolated 
A. proteus nuclei), so that we feel compelled to seek other methods for 
"isolating" nuclei. 

Nuclei from amebae that contained high specific activity 3H-proteins 
were grafted into unlabeled cells in large numbers and each cell was 
placed in an ice bath immediately after each operation. In such cells 
all the radioactivity, even that which may pass to the cytoplasm, will be 
of nuclear origin and we can then assume that we have, in effect, isolated 
radioactive nuclei in sacs of unlabeled cytoplasm—thereby avoiding arti
facts induced by routine nuclear isolation procedures. (It should be noted 
that the donor cells were removed from labeled media at least 12 hours 
before the operations; this precaution, along with the cold temperature 
storage, we believe effectively prevents the incorporation of low molec
ular weight precursors into macromoleeules after the operation.) In this 
manner, approximately 100 nuclei were "isolated" for each attempt to 
extract and purify nuclear proteins. The 100 or so cells containing the 
radioactive nuclei were mixed with 106 to 2 χ 106 unlabeled cells packed 
by centrifugation and an equal volume of ameba medium. The entire 
mixture was homogenized with a Potter-Elvejhem glass homogenizer in 
an ice bath for about 5 minutes and the homogenate was centrifuged 
at 25,000 g for 1 hour. The supernatant fluid, which contained on the 
order of 80 per cent of the radioactivity of the operated cells, was used 
in all subsequent procedures. Following fractionation, the radioactivity 
of each protein fraction was assayed in a liquid scintillation system. 

We have tried 3 fractionation procedures: (a) differential solubility 
in varying concentrations of acetone; (b) electrophoresis in polyacryla-
mide gels; (c) differential solubility in varying concentrations of am
monium sulfate. The first two methods have given ambiguous results 
thus far and will require modifications if they are ever to prove useful. 
The ammonium sulfate fractionation procedure yielded clear results, an 
example of which is shown in Table III. Although the results are clear, 
they are disappointing in view of the fact that the label is present in 
significant amounts in all fractions (in fact, the specific activity of radio
active protein is roughly the same for each fraction). This suggests that 
the proteins we are dealing with are a heterogeneous mixture—at least 
with respect to ammonium sulfate solubility—and that attempts at in 
vitro characterization may be very difficult indeed. 
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TABLE III. Fractionation of Nuclear Protein Radioactivity by Means of 
Ammonium Sulfate Solubilities 

Per cent 
total extract 

Fraction0 radioactivity 
0-0.50 9 

0.5(W).71 25 
0.71-0.90 16.5 
0.90-1.20 16 
1.20-1.60 10 
1.60-2.10 3 
Final supernatant 

solution 20.5 
a Represents the material that is insoluble in the indicated grams of ammonium 

sulfate added to 3.5 ml of ameba extract solution continuously maintained in an 
ice water bath, except for the intervals when the solution was centrifuged to 
sediment a precipitate. The centrifuge rotor temperature was maintained at 2° ± 1°C. 

The Effect of Actinomycin D on the Nuclear Proteins 

The use of one sort of inhibitor or another is often helpful in illumi
nating aspects of cellular physiology, but rarely with free-living amebae. 
One exceptional inhibitor is actinomycin D, which very effectively in
hibits ribonucleic acid (RNA) synthesis in A. proteus. Because of this 
effectiveness and because of its presumed action on cellular genetic 
systems (see, e.g., Reich et al. [9]) we investigated the effect of actino
mycin D on the two classes of proteins in which we are interested. 

Nuclei from cells that had incorporated 3H-leucine for about 24 hours 
and then had been incubated in unlabeled medium for another 24 
hours were transplanted into unlabeled amebae that had been incubated 
in 70 μg actinomycin D/ml (a concentration that reduces the incorpora
tion of 3H-nucleosides into RNA by over 90 per cent) for from 2 to 78 
hours. The operated cells were further incubated in the inhibitor solution 
for 19 to 25 hours before being fixed and processed for autoradiography. 
After development, grain counts of the autoradiographs were performed; 
in some cells the nuclear activity was assayed, in others the cytoplasmic 
activity was assayed. 

We expected that, if actinomycin D had affected the association of 
CNP or nonmigrating proteins with an intranuclear structure, the effect 
would be indicated by a significant alteration in the 2.6:1 ratio of donor-
to-host nuclear radioactivity. If, e.g., the association of CNP with intra
nuclear materials was inhibited, we could expect that the ratio might 
rise; if the nonmigrating protein association were affected, the ratio might 
diminish. In 25 experimental cells the mean ratio of donor-to-host nuclear 
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radioactivity was found to be 3.25:1 but the "t test" reveals this not to 
be significantly different from 2.6:1. (The preincubation time of the host 
cell in actinomycin D—2 to 78 hours—was of no significance.) If the rise 
in the ratio were meaningful, it would suggest that less CNP was being 
"bound" in the nucleus and that, therefore, the amount in the cytoplasm 
would be greater. Analysis of the cytoplasmic activity reveals, however, 
also no significant increase in actinomycin-treated cells. 

DISCUSSION AND CONCLUSION 

Our goal—to understand the physiological roles played by CNP and 
the nonmigrating proteins—remains elusive. The accumulation of data 
does, however, continue to illuminate certain aspects of the nature and 
behavior of these proteins and we are optimistic enough to feel that a 
deeper understanding may come after the acquisition of not too many 
more clues. 

We now see the beginnings of an insight into the structural associa
tions within the nucleus of CNP and of the nonmigrating proteins. That 
the two classes can be separated in situ by centrifugation urges us to 
seek refined microscopic techniques to pinpoint the specific structures 
involved. When we determine with precision the localization of chro-
matin and nucleoli and the particular radioactive fractions in the nucleus, 
we shall be—we believe—well on the way to removing several uncer
tainties about the roles played by these proteins. 

This capacity to separate the two protein classes by centrifugation 
may prove to have an additional value for in vitro studies. If the in vivo 
structural associations are maintained after cell homogenization, it may 
be possible to achieve separations of the proteins from each other and 
from other components of a cell homogenate by traditional centrifugation 
methods, and this possibility is being investigated. 

The latter possibility has particular importance in view of the results 
of our attempts to isolate and purify the proteins by other methods. Our 
best efforts have shown that as far as ammonium sulfate solubilities are 
concerned the nuclear proteins are a heterogeneous lot. Thus, if useful 
separations and purifications are to be achieved, we must look to frac-
tionation methods that are dependent on other properties of the proteins 
and hope that CNP and nonmigrating proteins have properties in vitro 
that distinguish them from other cellular proteins. 

The results of extensive labors to describe the quantitative aspects 
of nuclear and cytoplasmic proteins must be considered a disappointment 
at this time. We have determined that, whereas for total protein the 
nuclear concentration is about 2)i times that of the cytoplasm, for CNP 
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the nuclear concentration is some 80 times that of the cytoplasm and 
this means that 60-65 per cent of the cell's total CNP is in the nucleus 
at any one time. Moreover, the distribution of CNP between nucleus and 
cytoplasm of mononucleate and binucleate cells seems to be identical 
and provides, therefore, none of the anticipated clues to the mechanism 
by which the concentration difference is maintained. Perhaps some day 
the knowledge of the quantitative relations may be put to some worth
while use, but for now it is simply additional background material. 

Finally, experiments with actinomycin D have shown us that neither 
CNP nor nonmigrating proteins seem to be associated with DNA in a way 
that could be blocked by the action of that antibiotic. At this moment, 
that seems like a minor clue, indeed. 

SUMMARY 

This is a report of recent progress in the study of the migrating 
proteins (CNP) and nonmigrating proteins of the Amoeba proteus nu
cleus. It has been shown that the nonmigrating proteins are sedimentable 
by centrifugation in situ in the nucleus, whereas CNP are not. CNP are 
largely nonsedimentable in the cytoplasm but those CNP molecules in 
the cytoplasm immediately surrounding the nucleus do seem to be asso
ciated with some sedimentable cytoplasmic structure. 

Quantitative studies have shown that the nuclear concentration is 
about 2/4 times the cytoplasmic concentration of total protein. For CNP, 
however, the nucleus has 75-80 times the concentration of the cytoplasm 
and, thus, has 60-65 per cent of the cell total. Comparisons of CNP dis
tribution between nucleus and cytoplasm of mononucleate versus bi
nucleate cells show no significant differences, thereby effectively masking 
any clue to the mechanism by which the CNP concentration is kept differ
ent on either side of the nuclear envelope. 

Attempts at isolation of the nuclear proteins have thus far shown the 
material to be a fairly heterogeneous group of proteins, foreboding there
by a difficult course for fruitful in vitro studies. 

Actinomycin D appears to have little or no effect on the association 
of either CNP or nonmigrating proteins with the nucleus. 
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DISCUSSION 

D R . PRESCOTT: The discovery of migratory proteins is most certainly important, 
even though their function is unknown. Perhaps they function as a reverse mes
senger, communicating cytoplasmic demands to the nucleus. 

We have timed the release and return of the protein to the nucleus during 
division. All the labeled protein is released to the cytoplasm abruptly at late pro-
phase, and about 90% of it has returned to the nucleus by 20 minutes after cyto
kinesis. 

Does the figure of 80 for the nuclear/cytoplasmic ratio of protein concentration 
include both cytonucleoproteins and nonmigratory protein? 

D R . GOLDSTEIN: The concentration of cytonucleoproteins alone is 80 times 
greater in nucleus than cytoplasm. 

D R . PRESCOTT: Does the maintenance of label in the nuclear-specific proteins 
over a period of four cell cycles imply little or no turnover of these proteins? 

D R . GOLDSTEIN: A detectable increase in the cytoplasm of cells after four divi
sions suggests that there is a significant but small turnover of these proteins. 

D R . SCHULTZE: With regard to mammalian tissues, I did not find evidence of 
migration of protein between nucleus and cytoplasm of liver cells, presumably be
cause ordinary methods would not detect a quick exchange back and forth. In muscle 
cells, where the nuclear activity is concentrated in the nucleolus, such a movement 
from cytoplasm to nucleus would be very unlikely. 

D R . ALLFREY: If protein synthesis were to be inhibited by administration of 
Puromycin to cells containing hot cytoplasm, but receiving a cold nucleus, would 
the hot protein move into the nucleus under these conditions? 

D R . GOLDSTEIN: The highest nontoxic concentrations of Puromycin used are 
without significant effect on amino acid incorporation in amebae. 
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Aside from the event of cell division itself, deoxyribonucleic acid (DNA) 
synthesis is currently the only point of reference on which the search 
for additional specific synthetic events forming the progress of the cell 
cycle can be based. By definition, some of these unknown events can be 
expected to occur at single specific time segments within the cycle. 
Histones, for example, have been demonstrated to double in amount in 
the nucleus simultaneously with DNA synthesis [1, 4, 6]. The study by 
Gall [6] showed that histone increase is linked very closely to that 
particular DNA replicating at any given moment of time. None of these 
studies have distinguished, however, between actual synthesis of histone 
in the nucleus and, alternatively, its simple accumulation from the 
cytoplasm in step with DNA replication [3]. 

Some of the studies presented in this paper were intended to show 
the effects of amino acid deprivation, imposed at various times in the 
cell cycle, on progress through the cycle, and specifically on the initiation 
and maintenance of DNA synthesis. This experimental approach was 
considered one means of testing the proposition that the timing and 
continuity of the cell cycle is composed, in part, of the sequential ap
pearance of new proteins. The work subsequently led into a study of 
the maintenance and turnover of soluble pools of thymidine derivatives 
in relation to the cell life cycle, and these results are also reported here. 
Methodological details not given here can be found in a study by Stone 
andPrescott [13]. 

All of the work was carried out on Tetrahymena grown at 29°C 
primarily in synthetic medium [5] supplemented with 0.04% (w/v) of 
proteose peptone. Under these conditions the generation time is 225 
minutes. The positions and relative lengths of the subsections of the 
cell cycle (determined by incorporation of 3H-thymidine into DNA) are 

1 Supported in part by Biology Division, Oak Ridge National Laboratory, 
operated for the Atomic Energy Commission by Union Carbide, and in part by 
National Science Foundation grant GB-1635. 
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MaS 

FIG. 1. The cell life cycle of Tetrahymena pyriformis strain HSM grown at 
29°C in supplemented medium. Gx (30% of the cycle) and G2 (25% of the cycle) 
are in reference to macronuclear DNA synthesis (S, 35% of the cycle), and D 
(10%) represents the period of cytokinesis. The numbers 1, 2, and 3 refer to times 
at which cells were deprived of essential amino acids. 

FIG. 2. Cells incubated with 3H-thymidine after deprival of histidine and trypto-
phan during Gv Note the radioactivity over the cytoplasm and lack of concentration 
over the nucleus. Magnification: approx. χ 1000. 
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shown in Fig. 1 and are as follows: the period from the end of cytokinesis 
to the beginning of DNA synthesis (Gi) occupies the first 30% of inter-
phase; DNA synthesis (S phase ) occupies the next 35% of interphase; 
the period between the end of DNA synthesis and the beginning of 
cytokinesis (G2) takes up the last 25% of interphase, and cytokinesis 
requires about 10% of the total generation time. The experiments were 
carried out on small groups of Tetrahymena moving through the cycle 
in synchrony. Synchrony was achieved by initial selection of dividing 
cells from a logarithmic phase culture with a braking pipette [7, 11]. 

When cells in any part of the Gi period were transferred to a medium 
lacking histidine and tryptophan (both are absolute requirements for 
Tetrahymena), the cycle could not be completed and division did not 
occur. If the deprivation of histidine and tryptophan was imposed any 
time after the S period had begun, cells finished the cycle, completed 
division, and came to rest in the next Gx (unless the deprivation of 
amino acids was relieved). These observations indicated that the transition 
from Gi to S is a key point with respect to the supply of amino acids 

#· 

* 

FIG. 3. An autoradiograph of a cell deprived of histidine and tryptophan in 
early S and incubated in 3H-thymidine medium for 30 minutes. DNA synthesis is 
not interrupted by the deprivation. 
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and suggested a study of 3H-thymidine incorporation into DNA in rela
tion to amino acid deprivation. Cells transferred during G± to a medium 
lacking the two amino acids failed to incorporate 3H-thymidine into 
macronuclear DNA when the normal time for the beginning of the S 
period was reached (Fig. 2). If the cells were deprived of the amino 
acids after the G1 to S transition had already occurred, 3H-thymidine in 
the medium was readily taken up and incorporated into macronuclear 
DNA (Fig. 3). (Although no macronuclear incorporation of 3H-thymi-
dine occurred subsequently in cells deprived of amino acids during d , 
some radioactivity was taken up into the cytoplasm. This radioactivity 
was not acid soluble but could be removed by deoxyribonuclease diges
tion. Further studies have shown that this apparent cytoplasmic synthesis 
of DNA takes place in the mitochondria and is discussed in detail else
where [12].) This first set of experiments led to the tentative conclusion 
that amino acid deprivation prevented the new synthesis of one or more 
proteins that were required for the initiation of DNA synthesis. Rather 
than rely only on 3H-thymidine incorporation as an indicator oi DNA 
synthesis, however, Feulgen microspectrophotometric measurements of 
DNA were made on cells deprived of the two essential amino acids in 
G\. Surprisingly, these measurements indicated that cells deprived any 
time prior to the beginning of DNA synthesis and allowed to incubate 
for a time that would normally carry them well beyond the S period, 
contained on the average, 20 per cent more DNA than the G1 macro-
nucleus (Fig. 4) . Consequently, it had to be concluded that DNA synthesis 
is initiated in the absence of the two amino acids but that 3H-thymidine 
from the medium cannot be used for this partial synthesis. 

At this point the experiments were interpreted by us as evidence 
that cells in the Gi condition lack certain enzymes required to produce 
thymidine triphosphate (TTP) from exogenous thymidine or other 
pyrimidine sources. Tetrahymena is able to satisfy all of its pyrimidine 
requirements with uracil (uracil and cytidine are normally the only 
two pyrimidine sources in the synthetic medium), and it is probable that 
TTP is synthesized from uracil through deoxyuridine monophosphate as 
shown in Fig. 5. It had to be concluded that at least one enzyme [either 
thymidine monophosphate (TMP) or thymidine diphosphate (TDP) 
kinase] common to both pathways of TTP synthesis was absent in Gx 

cells. Hotta and Stern [8] have shown that thymidine kinase (for the 
conversion of thymidine to thymidine monophosphate) is absent from 
Gi cells in Lilium anthers and appears at the beginning of S. The Gx 

absence of this same enzyme in Tetrahymena could explain the failure 
of cells deprived of amino acids to utilize 3H-thymidine for DNA synthe
sis, but the absence of an additional enzyme or enzymes would have to 
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FIG. 4. Relative units of Feulgen-positive material of: cells measured immedi
ately after division (control); cells deprived at 0 time, incubated for 24 hours, and 
then measured; cells deprived at 22 per cent completion of the cell cycle (just prior 
to DNA synthesis), incubated for 24 hours, and then measured; and cells deprived at 
40 per cent completion of cell cycle (after DNA synthesis has been initiated) and 
allowed to continue through division. The values for the daughter cells were doubled, 
as were the 95 per cent confidence limits, in order to illustrate directly that cells 
deprived at 40 per cent completion did double their DNA in spite of amino acid 
deprivation. 
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TMP synthetase TMP kinase 

dTMPHI^dTDPniH^dTTP 

TDP kinase 

ThyHMHNtTdr 

FIG. 5. Two pathways by which thymidine triphosphate (TTP) is probably 
formed in Tetrahymena for DNA synthesis. UR = uracil, Udr = uridine, UMP = 
uridine monophosphate, UDP = uridine diphosphate, dUDP = deoxyuridine di-
phosphate, dUMP = deoxyuridine monophosphate, Thy = thymine, Tdr = thy
midine, dTMP = thymidine monophosphate, dTDP = thymidine diphosphate, 
dTTP = thymidine triphosphate. See Bessman [2] for details. 
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be postulated to explain the failure of uracil conversion to TTP, since 
thymidine is not on this latter pathway. We are inclined to believe, in 
part because of experiments described below, that this latter deficiency 
in the pathway of TTP synthesis is in TMP kinase, TDP kinase, TMP 
synthetase, or some combination of these. The points of action of these 
enzymes are shown in Fig. 5. Perhaps the most important part of this 
interpretation is the presumed, sudden appearance of the missing en-
zyme(s) in the TTP synthesis system at a precisely timed point in the 
cycle, i.e., at the G1 to S transition. Imposition of amino acid deprivation 
is ineffective in stopping DNA synthesis once the transition point has 
been passed. Therefore, the missing enzyme(s) is synthesized only at 
the beginning of S, or at least the enzyme(s) formed at this point is 
adequate to carry the cell through a full S period. 

In the foregoing scheme of events, the 20 per cent increase in DNA 
following Gi deprivation of amino acids remains to be explained. It 
seemed most likely to us that this limited increase in DNA takes place 
at the expense of a pool of TTP carried over into Gi from the round of 
DNA synthesis of the preceding cycle. On the basis of this possibility 
and because the experiments suggest that the first primary effect of 
amino acid deprivation is an interference with TTP production, we 
turned to more direct studies of the maintenance and turnover of the 
soluble pools of thymidine derivatives in relation to the cell cycle in 
Tetrahymena. 

In order to follow changes in pools of thymidine derivatives in single 
cells or in small synchronous groups, a method of dry autoradiography 
was developed [10]. In this procedure the soluble materials usually ex
tracted in preparation for autoradiography are retained within the cell 
by rapid air drying of the cell directly on a slide and covering with a dry 
autoradiographic emulsion. Any radioactive, soluble materials then con
tribute to the autoradiographic image of the cell. The technique can 
also be varied in such a way that soluble materials are extracted from 
the air-dried cell and deposited on the slide in a small, limited area 
around the cell. Since radioactivity in this deposited material can be 
detected by dry autoradiography, the presence of radioactive, soluble 
pools in a single cell can be visualized directly and a semiquantitative 
estimate of the amount of such extractable radioactivity also obtained. 

In the first experiment, Tetrahymena in G1 or in G2 were incubated 
in full nutrient medium containing 3H-thymidine. Using the dry auto
radiographic technique, no uptake of 3H-thymidine into a soluble pool 
could be detected in either period (see Fig. 6). This suggests a lack of 
turnover of the thymidine derivative pool(s), and is consistent with the 
interpretation that thymidine kinase is not present in the Gi or G2 cell. 
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FIG. 6. A "dry" autoradiograph of a cell incubated in 3H-thymidine medium 
during Gv No detectable radioactivity has been taken up into the soluble pool of 
the cell. 

FIG. 7. A "dry" autoradiograph of a cell incubated in 3H-thymidine medium 
during S. The autoradiographic image over the macronucleus is due to both soluble 
and DNA incorporated material. 
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If cells in S were incubated with 3H-thymidine, air dried, and autoradio-
graphed by the dry method, all radioactivity was found to be localized in 
the macronucleus (Fig. 7). This procedure would detect any radio
activity in soluble pools as well as that incorporated into DNA, but 
would not distinguish between them. When the soluble materials in 
such a cell were extracted and deposited around the cell before auto-
radiography, the autoradiographic image shown in Fig. 8 was the result. 

FIG. 8. A "dry" autoradiograph of a cell incubated with 3H-thymidine medium 
during S and extracted in such a manner that soluble materials were deposited on 
the slide in a restricted area around the cell. This cell should be compared with Fig. 7. 

In this case a large amount of soluble 3H-thymidine and its soluble 
derivatives has been extracted from the macronucleus. The extraction 
from the cell is evidently incomplete since a heavy autoradiographic 
image is also present over the cytoplasm. The radioactivity remaining in 
the macronucleus is most likely that which has been incorporated into 
DNA. The experiment demonstrates that during S there is a large pool 
of thymidine and undoubtedly of its phosphorylated derivatives engaged 
in active turnover in the macronucleus. (A separate set of studies have 
shown that the soluble pool of thymidine derivatives in Tetrahymena 
consists of TMP, TDP, and TTP [9].) 

Since a large pool of soluble derivatives of thymidine could be 
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demonstrated in the macronucleus during S, it was then possible to 
determine whether such pool materials are retained in G2 and carried 
over through cell division into Gi to be utilized in the next S period. 
In a preliminary experiment, cells in late S were incubated with 3H-
thymidine. When the cells were well into G2, they were washed free 
of exogenous radioactivity, allowed to divide and enter d , air dried 
on slides, and extracted by the procedure which allowed deposition of 
the extracted materials around the cell. The subsequent dry auto-
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FIG. 9. Diagram of carryover and utilization of thymidine derivative, acid-
soluble pools in Tetrahymena. The DNA and the thymidine derivative, acid-soluble 
pools of the macronucleus were labeled in cycle 1 with a short pulse of 3H-thymidine. 
3H-thymidine was removed from the medium before the end of cycle 1. In cycle 2 
radioactive precursors remaining in the acid-soluble pool are incorporated into DNA. 
The increase in radioactivity in DNA is shown in the graph above. No increase 
occurs in cycle 3 since turnover of the pool has exhausted all radioactive, soluble 
precursors. See text for further explanation. 

radiograph of the preparation showed that these G1 cells contained a 
radioactive, soluble pool of 3H-thymidine derivatives. Since this soluble 
radioactivity was not lost from the living cells during the G2 washings 
carried out to remove the exogenous 3H-thymidine, it is probable that the 
retained soluble derivatives of 3H-thymidine are phosphorylated, i.e., 
TMP, TDP, and/or TTP. (The cytoplasmic membrane of Tetrahymena is 
impermeable to at least TMP and TTP.) 

In a more extended version of this type of experiment, cells were 
incubated in 3H-thymidine during S and washed free of exogenous radio-
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activity in G2. These cells contain both DNA-ineorporated and soluble 
radioactivity after the washing. As each cell reached division one of the 
daughter cells in each case was dried on a slide and the other was allowed 
to proceed through the cycle to the next division. One of the daughters 
of this second division was air dried on the same slide with the daughter 
from the first division. The remaining cell was cultured to the third divi
sion and both daughters were air dried on the same slide that held their 
ancestors. All of these cells were subjected to acid extraction to remove 
all soluble materials and then autoradiographed. The experimental design 
and the results of grain counts of macronuclei of daughters fixed after 
division 1, 2, and 3 are shown in Fig. 9. If the amount of radioactivity in 
a daughter macronucleus from division 2 is multiplied by 2 (to correct 
for the halving at division), it is clear that the amount of radioactivity 
is significantly more than the radioactivity in its ancestor macronucleus 
from division 1. This is good evidence that the radioactive, soluble pool 
material carried through division 1 was incorporated into DNA during 
the subsequent S period, thereby adding to the radioactivity already in
corporated during the previous S period. No significant amount of radio
active material could have remained in soluble pools for utilization in 
the final S period (between the second and third divisions) because the 
level of incorporated radioactivity in the individual daughters of division 
3 added together is just equal to that found at division 2. For further 
details on these experiments see Stone et al. [14]. 

SUMMARY 

We arrive at the following summary. Tetrahymena contains a pool 
of thymidine derivatives (TMP, TDP, and TTP) which is carried over 
from one round of DNA synthesis to the next in the subsequent cell cycle. 
When a cell arrives at the beginning of DNA synthesis these pool mate
rials are used for synthesis of DNA, and, in close correlation with this 
event, enzymes necessary for replenishment of TTP are rapidly synthe
sized. When the synthesis of these enzymes ceases is not known, but this 
probably occurs during S itself. During the period between consecutive S 
phases these enzymes required for TTP production disappear and must 
be resynthesized with each cycle. 

Finally, we are disinclined to believe that maintenance or develop
ment of pools of DNA precursors are normally involved directly in the 
control of DNA synthesis. However, the appearance of those certain 
enzymes required for production of DNA precursors only at the be
ginning of DNA synthesis can serve as an example of the type of timed 
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derepression within the genome which must be operating in continuous 
sequence to maintain the orderly progress of biosynthetic events which 
make up the cell life cycle. 

REFERENCES 

1. Alfert, M., Exptl. Cell Res. Suppl. 6, 227 (1959) . 
2. Bessman, M. J., in "Molecular Genetics" (J. H. Taylor, ed . ) , p. 1. Academic 

Press, New York, 1963. 
3. Bloch, D. P., and Brack, S. D., J. Cell Biol. 22, 327 (1964) . 
4. Bloch, D. P., and Godman, G. C., J. Biophys. Biochem. Cytol. 1, 17 (1955) . 
5. Elliot, A. M., Brownell, L. E., and Gross, J. A., / . Protozool. 1, 193 (1954) . 
6. Gall, J. G., J. Biophys. Biochem. Cytol. 5, 295 (1959) . 
7. Holter, EL, Compt. Rend. Trav. Lab. Carbberg (Ser. Chim.) 24, 399 (1943) . 
8. Hotta, Y., and Stern, H., Proc. Natl. Acad. Set., U.S. 49, 648 (1963) . 
9. Jacobson, K. B., and Prescott, D. M., unpublished observations, 1963. 

10. Miller, O. L., Jr., Stone, G. E., and Prescott, D. M., in "Methods in Cell Phys
iology" (D . M. Prescott, ed . ) , Vol. I, p. 371. Academic Press, New York, 
1964. 

11. Stone, G. E., and Cameron, I. L., in "Methods in Cell Physiology" (D . M. 
Prescott, ed . ) , Vol. I, p . 127. Academic Press, New York, 1964. 

12. Stone, G. E., and Miller, O. L., Jr., / . Cell Biol. 23, 89A (1964) . 
13. Stone, G. E., and Prescott, D. M., / . Cell Biol. 21 , 275 (1964) . 
14. Stone, G. E., Miller, O. L., Jr., and Prescott, D. M., / . Cell Biol. (accepted for 

publication). 

DISCUSSION 

D R . LEBLOND: Since you stated that, under certain conditions, mitochondria may 
synthesize deoxyribonucleic acid ( D N A ) , perhaps Dr. Chevremont and you might 
tell us what your views are on the subject. 

D R . CHEVREMONT: We have demonstrated that under the influence of some 
"preprophasic inhibitors" of mitosis, DNA is detectable inside the cytoplasm, more 
precisely, in modified mitochondria. The latter are then Feulgen-positive and are 
labeled by tritiated thymidine. This DNA does not come from the nucleus. These 
results are obtained by treatment of cells with either acid deoxyribonuclease (not 
with the neutral DNAase), or with an isomer of adrenochrome as well as with a few 
other factors, but not with every substance or factor which modifies mitochondria. 
By these methods, we observed mitochondrial DNA in the cells of chick, mouse, 
and human embryo. In addition, the same results were seen in normal tissue cul
tures without adding any substance, but by merely cooling the cells under certain-
conditions. 

As a hypothesis, we have suggested that a synthesis of DNA—or of large pre
cursors—normally takes place in the mitochondria during "preparation" for mitosis. 
These substances would be brought into the nucleus during the frequent contacts 
that normally occur between mitochondria and nucleus, as clearly seen in cinema
tographic records of living cells. The observations of mitochondrial DNA are inter
esting from the point of view of cytoplasmic inheritance. 
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D R . PRESCOTT: We have not been able to detect DNA in mitochondria in ciliates 
by Feulgen staining. For the present, we assume, as others do, that the mitochon-
drial DNA is the basis for a nucleus-independent genetic system with no transfer of 
DNA between nucleus and mitochondria. 

D R . LEBLOND: Could the DNA observed in mitochondria be synthesized by a 
virus? 

D R . CHEVREMONT: The well-known DNA cytoplasmic inclusions due to viruses 
are quite different from the mitochondrial DNA I have observed. 

D R . PRESCOTT: N O virus-like bodies have been seen in Tetrahymena mitochon
dria labeled with 3H-thymidine, but that does not rigorously exclude the possibility 
of virus activity as an explanation for mitochondrial DNA synthesis. 
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INTRODUCTION 

It has previously been shown that the application of various labeled 
amino acids results in very similar autoradiographic blackening patterns 
for the different tissues in the organism of various animals [32]. These 
results were confirmed and completed by using 11 tritiated amino acids 
for the investigation of protein metabolism in mice, rats, rabbits, guinea 
pigs, and pigeons. Quantitative evaluation by grain counting showed 
that, apart from a few exceptions, application of all the different amino 
acids results in a very similar relative distribution of grain densities in 
the organism. For all the animals examined the various cell types could 
be grouped according to their different protein metabolism. In all animals 
there are certain cells with a high protein turnover, such as protein-
secreting cells, and others with a low protein turnover, such as connective 
tissue and muscle. 

The protein metabolism per unit volume varies by a factor of 1 to 50 
in the different cell types. Considering these big differences in protein 
metabolism and the completely different function and morphology of 
the different cell types, one would not expect the cellular protein 
metabolism to be regulated according to a simple generally valid scheme. 
This paper gives good evidence that the protein metabolism of a cell 
follows a generally applicable pattern in which the controlling factor is 
represented by the volume of the cell nucleus. 

MATERIALS AND METHODS 

Animals 
Thirty-six male and female mice (Copenhagen strain, average body 

weight 20 gm), 25 male and female Wistar rats (average body weight 
180 gm), 4 female rabbits (Blaue Wiener, average body weight 2000 gm), 
5 male and female guinea pigs (340 gm), and 2 female pigeons (330 
gm) received radioactive labeled amino acids. The animals were fed 
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a standard diet (Altromin-R) with normal protein content. Twelve hours 
prior to the application of amino acids the food was removed from the 
cages; water was given ad libitum. 

The labeled amino acids were mostly injected intraperitoneally or 
intravenously or, in some cases, fed by a stomach tube. 

Most of the animals were sacrificed 1 hour after application of the 
labeled amino acids; the rabbits, however, were killed after 3 hours. 
In a series of 11 mice and 11 rats, the times of sacrifice varied between 
5 minutes and 3.5 hours. The animals were decapitated in slight ether 
narcosis. 

Labeled Amino Acids 

14C-L-amino acids (as algae protein; 0.23 mc/mg protein; 13 μc/gm 
body weight), 14C-L-lysine (7.7 mc/mmole; 13 μο/gm body weight), 
35S-L-methionine (9000 mc/mmole; 50 μc/gm body weight), and 11 
different tritiated amino acids (50 μο/gm body weight) of high specific 
activity as listed in Table I were used for these experiments. 

TABLE I. List of Tritiated Amino Acids of High Specific Activity 
Used in These Experiments 

3H-Amino acids 

Glycine-[a-T] 
DL-Alanine-[a-ß-T2] 
DL-Leucine-[Y-6-T2] 
DL-Serine-[a-T] 
DL-Lysine-[Y-6-T2] 
DL-Arginine-[a-ß-T2] 

D-Phenylalanine-[2,4-T2] 
L-Phenylalanine-[2,4-T2] 
L-Tyrosine-[3-T] 

DL-Proline-[l,2-r2] 
DL-Tryptophan-[5-T] 

Specific activity 
(mc/mmole) 

5,075 
4,500 
2,820 
3,500 

30,000 
3,000 

13,000 
15,000 
5,100 
2,500 
2,000 

Mouse 

3 
3 
1 
2 
2 
2 
1 
2 

13 
3 
2 

Rat 

2 
12 

1 
1 

1 
1 
2 

Autoradio graphic Technique 

Small tissue samples were fixed in formalin (6 per cent)-trichloroace-
tic acid (TCA) (0.5 per cent) to which the corresponding "cold" amino 
acid was added (0.1 mg/ml) for 24 hours at 4°C and embedded in 
paraffin. Three-μ thick sections were deparaffinized, covered with strip
ping film AR 10 (Kodak, London) or liquid emulsion G5 (Ilford, Lon
don), and exposed between 1 and 30 days. The autoradiographs were 
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then developed and fixed under constant conditions, and some of them 
were mounted immediately without staining. Most of them were stained 
with hematoxylin-eosin through the emulsion. 

Quantitative Evaluation of the Autoradio graphs by Grain Counting 

For quantitative estimation of the incorporated activity, grain counts 
and micrometric measurements were performed in the following way: 

1. The number of grains was counted over the entire counting grid 
(6400 μ2). From the average for a great number of counting grids, 
the mean grain number per square micron was calculated. This 
value is a measure for the mean activity per milliliter tissue. 

2. The number of grains situated over the nuclei was counted for 
several hundred nuclei of each cell type. Simultaneously, the 
corresponding nuclear area was measured with an ocular microm
eter. The grain number per single nucleus was plotted as a func
tion of its nuclear area (Fig. 6). Or the mean grain number per 
nucleus for a certain cell type was plotted as a function of the 
corresponding mean nuclear area (Figs. 7 and 8). This calculated 
mean value for the grain number per unit area represents incor
porated activity per unit nuclear volume. 

3. The number of grains situated over all nuclei and the grain num
ber localized over the whole cytoplasmic area in the counting grid 
were counted separately for a great number of counting grids. 
The ratio of the grain number over the cytoplasm to the grain 
number over all nuclei is equal to the ratio of incorporated activity 
in the whole cytoplasm of a cell to the incorporated activity in the 
whole cell nucleus. The countings were performed for experi
mental times between 5 minutes and 3.5 hours. 

4. Simultaneously with the grain countings mentioned in point 3 
above, the area of all nuclei in all counting grids was measured 
with an ocular micrometer. The quotient of the sum of all nuclear 
areas measured to the area of all counting grids is equal to the 
ratio of nuclear volume to whole cellular volume (nuclear volume 
in per cent of cell volume in Fig. 11). 

This method of estimation of activity ratios and ratios of volumes 
is only applicable if the nuclei of the tissue are distributed randomly. 
In general, constant values became evident after evaluating the first 
few counting grids. In these experiments 10 to 20 counting grids (6400 μ2 

each) were evaluated for each measurement. 
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RESULTS 

Autoradio graphs after Application of UC-, S5S-, and 11 
Different sH-Amino Acids 

Figure 1 shows unstained autoradiographs of the stomach of the rat 
after application of 14C-amino acids, 3H-DL-leucine, and 35S-L-methionine. 
Highest grain density was always found over the chief cells, much less 
over the epithelia, and the lowest grain density over the submucous layer. 
However, it is evident that the rehtive distribution of the different grain 
densities is equal for all three amino acids. 

This is demonstrated much more distinctly in Fig. 2, which depicts 
unstained autoradiographs of the stomach of the mouse after application 
of 10 different tritiated amino acids. Again the relative distribution of 
the grain densities is the same for all the different amino acids. Only the 
application of DL-alanine results in a slightly different picture, i.e., less 
intensive grain density over the epithelia. 

Figure 3 shows unstained autoradiographs of the adrenal gland of 
the mouse after injection of 6 different tritiated amino acids. With all 
tritiated amino acids and also with 14C- and 35S-labeled amino acids, 
there is the same relative distribution of grain densities: high grain 
density over the cortex, especially over the outer fasciculata, somewhat 
lower density over the glomerulosa, and very low grain density over the 
medulla. The medulla has a higher grain density only after injection of 
DL-alanine. 

The same autoradiographic pictures of the pancreas were obtained 
after injection of 14C-, 35S-, and 3H-labeled amino acids, as is shown in 
Fig. 4 for the pancreas of the mouse after injection of 10 different 
tritiated amino acids. High grain density was found over the exocrine 
pancreas but a much lower one over the Langerhans islands. 

Comparably high relative grain density was always found over 
the cells of the choroid plexus (as is demonstrated in Fig. 5 for the 
choroid plexus of the mouse after injection of 6 different tritiated amino 
acids). This means that the relative incorporation of labeled amino acids 
into the choroid plexus is always high. However, Fig. 5 also shows that, 
in contrast to all other 3H-amino acids used, 3H-alanine, 3H-glycine, 
and 3H-serine are only slightly incorporated into ganglionic cells. 

As these few examples show, a very similar relative incorporation 
pattern of amino acids into the various organs of mice, rats, rabbits, 
guinea pigs, and pigeons was found. Quantitative evaluation by grain 
counting resulted in the same relative distribution of grain densities for 
many organs. There are only a few major exceptions. Especially the 



FIG. 1. Unstained autoradiographs of the stomach of the rat after application of 14C-amino acids, 180 min
utes (left); 3H-DL-leucine, 90 minutes (center) ; and 35S-amino acids, 90 minutes ( r ight) . 
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FIG. 2. Unstained autoradiographs of the stomach of the mouse 60 minutes 
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FIG. 3. Unstained autoradiographs of the adrenal gland of the mouse 60 minutes 
after application of 6 different tritiated amino acids. 
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application of DL-alanine resulted in incorporation patterns more or less 
different from most other labeled amino acids. Furthermore, the incor
poration pattern of tritiated serine and glycine into the kidney differed 
from that of other amino acids. And finally, as mentioned previously, 
there is less incorporation of tritiated alanine, serine, and glycine into 
the ganglionic cells of the brain than of all other amino acids, while the 
relative grain density over the choroid plexus and the peripheral 
ganglionic cells did not differ from other amino acids. 

The autoradiographic results obtained with all the different amino 
acids show that the amino acid incorporation of the various cell types 
in the organism is typical for these cell types. For instance, the 
ganglionic cells always have a very high incorporation rate regardless 
of their location in the organism. On the other hand, muscle cells in 
the whole organism incorporate only small amounts of amino acids. 

Due to their different amino acid incorporation—measured as grain 
density, representing incorporation rate per ml—certain groupings of 
cells can be made. There are cells with very high incorporation rates, 
for instance, protein-secreting cells such as pancreas epithelia, epithelia 
of the serous salivary gland, and the chief cells of the stomach, as well 
as ganglionic cells, choroid plexus, adrenal cortex, cells of the reticulo-
endothelial system, and others. Another group with an amino acid incor
poration about 2 to 4 times lower consists, among others, of the crypt 
cells, liver epithelia, and tubulous epithelia of the kidney. Finally, there 
is a group of cells with a very low—about 30 to 60 times lower—incor
poration rate, consisting of muscle cells, cartilage, connective tissue, and 
the white substance in the nervous system. The same grouping of cells 
was found in all animal species investigated. 

A detailed description of the incorporation of 14C- and 35S-labeled 
amino acids as well as of 3H-leucine into the tissues of rats and mice, 
studied by means of autoradiography, has already been given by Schultze 
et al. [32]. Reproductions of autoradiographs of other organs can be 
found in that paper. The results described there and in this paper are in 
good agreement with previously published studies by Niklas and Oehlert 
[22], Belanger [3], and Leblond et al. [17], using 35S-methionine to inves
tigate protein metabolism in different organs of the rat, and with Ficq 
and Brachet's results [11] for mice using 14C-phenylalanine. Special 
investigations of protein metabolism were performed for the central 
nervous system [1, 2, 7, 9, 12, 26], for the tissues of the eye [24] and 
ear [16, 28], as well as for bone [15] and spleen [34]. Autoradiographic 
studies of protein synthesis within the individual cell showed that the 
incorporation pattern for the different cell structures is also independent 
of the different amino acids [27, 31]. 
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FIG. 4. Unstained autoradiographs of the pancreas of the mouse 60 minutes 
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FIG. 5. Unstained autoradiographs of the choroid plexus of the mouse 60 minutes after application of 6 different 
tritiated amino acids. 



CYTOPLASMIC AND NUCLEAR PROTEIN SYNTHESIS 119 

DISCUSSION 

Grain Density in the Autoradiographs as a Rehtive Measure 
of the Protein Synthesis Rate 

As to the question of whether the radioactivity in the histological 
section after application of labeled amino acids is entirely due to newly 
synthesized protein, one must consider that during the histological pro
cedure commonly used the protein is precipitated while all water- and 
alcohol-soluble substances are dissolved, especially those labeled free 
amino acids still present. In our laboratory, histological sections of ani
mals injected with 14C-labeled amino acids were prepared as usual for 
autoradiography but were then treated according to common chemical 
methods used for isolating protein. 14C-activity losses of only 0-5 per cent 
were found by counting in a flow counter [32]. Droz and Warshawsky 
[10] also reported that at least 91-97 per cent of the radioactivity re
tained in histological sections (Bouin fixation) after labeled amino acid 
injection is firmly bound to protein, presumably by peptide bonds. 

The most striking result of this paper is the far-reaching similarity 
of the autoradiographs with so many different labeled amino acids. Apart 
from a few exceptions, the incorporation of labeled amino acids always 
results in a very similar incorporation pattern in the organism. It must 
be emphasized that this is only valid for the relative distribution of the 
label within the organism. The absolute amount of incorporated activity 
depends on the percentage of injected amino acid which is incorporated 
into the protein of the whole organism and is quite different for the dif
ferent amino acids. It was found that almost 50 per cent of the injected 
tritiated leucine is incorporated into protein while only 5 per cent of the 
glutamic acid is utilized and 95 per cent is catabolized [7]. To obtain 
equal absolute grain densities for a certain tissue autoradiographically, 
the individual autoradiographs have to be exposed for different lengths 
of time. 

The correspondence of the autoradiographs with the different amino 
acids provides good evidence that the incorporation rates measured auto
radiographically actually represent protein synthesis. 

Equation (1) shows the correlation between the incorporated activity 
and the turnover rate R: 

Incorporated amino acid activity 
between injection (0) and sacrifice (T) = R ' $ξ st · dt (1) 

— i t * <Smean * -* 

The left side of the equation represents the activity which is incorporated 
per unit volume of tissue during the time interval between the beginning 
( = 0 ) and the end of the experiment ( = Γ) . A relative measure for the 
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incorporated activity per unit volume is the grain density. R is the amino 
acid incorporation rate (mass per unit time) related to 1 ml. In a steady 
state the incorporation rate is equal to the catabolic rate; therefore R 
represents the turnover rate; st is the specific activity of the free amino 
acid at the site of synthesis as a function of time t. After injection, this 
specific activity of the precursor rises quickly from zero to a maximum 
and decreases slowly toward zero again. The incorporated activity varies 
with time X as fT st · dt. This integral can be replaced by the product: 
mean specific activity in 0-Γ times T. 

It is easy to see that the incorporated activity in the different tissues— 
measured as grain density—is a relative measure of the turnover rate 
only if the mean specific activity of the free amino acid is the same during 
the experiment for all the different cell types. For more details see 
Maurer [18]. 

For 35S-methionine, the same specific activity for liver, brain, muscle, 
and serum was actually measured in our laboratory [8]. It should be 
emphasized that an equal specific activity of the free amino acid has 
nothing to do with variable concentrations of the free amino acids in 
tissues or organs like the brain. The amount of incorporated activity only 
depends on the mean specific activity of the precursor. If the mean spe
cific activity of the free amino acid is too low, as, e.g., for alanine, glycine, 
and serine in the brain, possibly because of retarded entrance into the 
brain, the incorporated activity will be low too, although the protein 
synthesis (incorporated mass per unit time) may be quite high. It is 
worthwhile noting that the relative grain density over the choroid plexus 
and the ganglionic cells of the myenteric plexus after application of 
these amino acids does not differ from that of the other amino acids. 

Equation (2) shows that, in the case of de novo synthesis of protein 
molecules, the incorporation rate (R ) of the different amino acids should 
be proportional to the amino acid composition of the fast-turnover 
protein: 

Raai-Raa^'Raa^ · · · = Maai:Maa2:^aa3' · · · ( 2 ) 

where Rna is the turnover rate of aa„ and Maa is per cent of aa in the 
protein. 

If the amino acid composition (Μααχ) of the fast-turnover fraction 
of the protein is the same for all cells, the correlation of the incorporation 
rates (Raax) will also be the same for all cells. The turnover rates of the 
different amino acids correspond to the proportion of an amino acid in 
the protein. If the amino acid composition for the different protein frac-
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tions of a cell differs, the amino acid composition of the fraction with the 
fastest turnover predominates. 

If the proportion of one amino acid is extremely high, such as cystine 
in the hair follicle, the incorporation rate of this amino acid into the hair 
follicle will also be high. This was actually shown in previous experiments 
with 35S-amino acids [32]. 

The extensive correspondence throughout the autoradiographs ob
tained by using so many different amino acids suggests that not only the 
mean specific activity of the free amino acids but also the amino acid 
composition of the fast-turnover protein should actually be similar in 
the whole organism. Thus, the incorporation rates measured autoradio-
graphically should represent protein synthesis. The correspondence of 
the autoradiographs is as complete as the degree of fulfillment that the 
two prerequisites reach. 

There are special conditions to be considered for the incorporation 
of D-amino acids. These tritiated D-amino acids are not diluted by the 
inactive amino acids of the pool; thus, they have the same high specific 
activity in the organism as in the preparation for injection. A very small 
incorporation of derivatives of 3H-D-amino acids could, therefore, result 
in high grain densities without representing a correspondingly high 
protein turnover. Since most of the tritiated amino acids used were in 
the DL-form, a possible influence of the D-amino acid on the autoradio-
graphic pattern should be taken into consideration. 

The 3H-DL-alanine incorporation pattern for a number of cell types 
differs more or less from that of other amino acids. Since the values for 
the ratio of total cytoplasmic to total nuclear incorporation for alanine 
do not differ from those for other amino acids, the different incorporation 
pattern could possibly be due to variations of the specific activity of the 
free alanine for the different cell types or to the close relationship of 
alanine to other metabolic processes. 

The different autoradiographic picture of the kidney which is pro
duced by some amino acids such as 3H-serine and 3H-glycine may be 
related to the complicated renal function of secretion, reabsorption, and 
excretion of amino acids. 

Quantitative Evaluation of Nuclear Protein Synthesis 
The number of grains per nucleus was counted for different cell types 

in mice, rats, rabbits, and pigeons after application of various labeled 
amino acids. Simultaneously, the nuclear area was measured micromet-
rically. The results are shown in Fig. 6, where the grain number per 
nucleus is plotted on the ordinate while the nuclear area is expressed in 
square microns on the abscissa. Each point in the curves represents one 
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single nucleus of the corresponding cell type. The curves show very 
clearly that the grain number per nucleus increases quite linearly with 
the nuclear area. The variations in the vertical direction are mainly sta
tistical variations, due to the statistical character of the radioactive decay. 
The rather linear correlation shows that the grain density is equal for 
all nuclei within one cell type. This means that all nuclei have the same 
amino acid incorporation per unit volume and that the amino acid incor
poration into the whole nucleus is proportional to the volume of the 
nucleus. 

This is not only true for the nuclei within one single cell type, but 
was also found to be true for the nuclei when comparing different cell 
types. Figure 7 shows the relationship between the mean grain number 
per nucleus and the mean nuclear area for 39 different cell types of the 
mouse after application of tritiated L-tyrosine. Here, too, is a linear rela
tionship, although not as pronounced as that in the single cell types 
shown in Fig. 6. Some types of nuclei (as those of Lieberkiihn's crypts, 
pyloric glands, plexus myentericus, spermatogonia, and skeletal and heart 
muscle) vary from the linear relationship by a factor of 2. With other 
amino acids it could be shown that these types of nuclei vary from the 
mean value in the same direction and to a similar extent. Thus, the grain 
density of the crypt cell nuclei is high for all amino acids. 

Once again the general linear relationship between amino acid incor
poration and nuclear area means that the grain density (grains per square 
micron) is very similar for all kinds of nuclei. Consequently, incorpora
tion into the whole nucleus is, within certain limits, proportional to the 
volume of the nucleus for very many different cell types. 

Similar results to Fig. 6 were described for mouse cells after X-ray 
irradiation [13] and for cancer cells [6, 14, 20]. 

If the very different cytoplasmic grain densities on the autoradio-
graphs were left out, the autoradiographic picture would be very monot
onous because of the nearly equal grain density over the different types 
of nuclei. The typical differences in the grain density of the individual 
cell types depend overwhelmingly on differences of the cytoplasmic in
corporation rates. 

Figure 8 shows the same relationship between nuclear volume and 
amino acid incorporation (as was demonstrated in Fig. 7 for cells of the 
mouse) for 26 different types of nuclei of rat after injection of tritiated 

FIG. 6. Grain number per nucleus as a function of nuclear area for individual 
nuclei within one cell type. Each point equals one nucleus; 60 minute experiments 
for 4 different tissues with 8 different 3H-amino acids. Similar results were obtained 
for pancreas epithelia and smooth muscle. 
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leucine [25]. A similar result was obtained for 3H-L-phenylalanine in the 
mouse [7]. No linear relationship was found for 3H-DL~alanine. In de
scribing the autoradiographs, the different behavior of DL-alanine has 
already been mentioned. 

The nuclei of a single cell type can differ in volume because of the 
increase in volume between two mitoses, because of polyploidy, and 
because of individual variations. The linear curves in Fig. 6 for liver show 
that there is the same protein synthesis per unit volume, also in nuclei 
with different polyploidy and correspondingly differing nuclear volume. 
This could lead to the conclusion that the DNA content of a nucleus 
is the determining factor in protein synthesis. However, as shown in 
Figs. 7 and 8, the protein synthesis of the big nuclei of ganglionic cells 
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FIG. 8. Mean grain number per nucleus as a function of mean nuclear area for 
26 different cell types ( ra t ) . Each point equals one cell type; 90 minute experiment 
with 3H-DL-leucine. 
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is much higher than the protein synthesis of the small muscle nuclei 
in spite of the same DNA content. 

Assuming that the concentration of protein is also approximately the 
same in the different nuclei, the constant turnover rate per unit nuclear 
volume found would lead to the interesting conclusion that the mean 
life-span of nuclear protein should have a similar value for different cell 
types. According to biochemical experiments of Niklas et al. [23], there 
is some experimental evidence that the mean life-span of the nuclear pro
tein in rat is in fact about 1 day for different types of nuclei, while the 
mean life-span of the cytoplasmic protein of different cell types varies 
between about 1 and 50 days. 

Quantitative Evaluation of the Cytoplasmic Protein Synthesis 
According to the counting method described under Materials and 

Methods, Quantitative Evaluation, point 3, the ratio of incorporation of 
different amino acids into the whole cytoplasm of a cell to that into the 
total nucleus was determined for many cell types. The results are sum
marized in Table II. The values were not corrected for the differences 
in ß-self-absorption [19] in the cytoplasm and nucleus. Thus, they should 
actually be somewhat higher. But the influence of ß-self-absorption af
fects all values in the same direction and to a similar extent, as was 
experimentally confirmed for different cell types. 

Table II (horizontal lines) shows that the ratio of amino acid incor
poration into the whole cytoplasm of a cell to the incorporation into the 
total nucleus is strikingly constant for different 3H-amino acids. Again 
this provides good evidence that the amino acid incorporation measured 
represents protein synthesis and, further, that metabolically active protein 
has a very similar composition in cytoplasm and nucleus. 

Only the value for 3H-arginine is as a rule considerably lower—by a 
factor of about 1.4—for all the different cell types. The lower value for 
3H-arginine might be due to the higher arginine content of the fast-
turnover fraction of the nuclear protein, perhaps the histones. On the 
other hand, it should be emphasized that the values for 3H-lysine do not 
differ from those of the other amino acids investigated. 

Comparing the different cell types in Table II, it is evident that for 
the majority of cell types the ratio of total cytoplasmic to total nuclear 
incorporation is rather constant and has a value of about 7. Lower values 
for this ratio were found for some cell types listed at the top of Table II. 
On the other hand, for the exocrine pancreas epithelia the ratio is higher 
and has a value of about 14 (mean value of I-VIII, 60 minutes) or 
of 9.6 for 3H-arginine. It should be emphasized that in this respect 3H-
alanine does not differ from the other amino acids. This contrasts to its 



TABLE II. Ratio of Total Cytoplasmic to Total Nuclear Amino Acid Incorporation for Different Cell Types 
of Mouse and Rat after Application of Different Tritiated Amino Acids 
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(% of cell 
volume) 
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line 

Ly-
sine 
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I-VIII 

IX 
Ar-
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X 
Tyro-

3 
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> 
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3 
1 
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14 Adrenal medulla 7.3 5.7 3.1 3.5 4.3 
14 Pancreas endocrine 6.1 5.0 4.9 6.5 4.5 
14 Salivary gland 

(serous) 6.9 7.2 7.5 7.2 
12 Bmnners glands 5.8 5.6 7.3 7.2 5.2 
12 Adrenal cortex 5.3 5.8 6.4 7.2 7.4 6.0 
9 Kidney medulla 5.6 4.5 6.1 4.4 4.2 
9 Liver 7.6 7.9 6.8 8.0 7.7 7.5 
8 Kidney cortex 6.6 6.4 6.4 6.3 5.7 
8 Kidney (Henle) 6.0 8.5 6.8 6.5 6.8 
8 Pancreas exocrine 13.5 13.4 12.5 17.5 15.8 16.5 
5 Salivary gland 

(mucous) 6.9 7.1 8.3 
4 Smooth muscle 7.0 7.2 7.1 7.6 6.0 6.4 
3 Heart muscle 6.1 10.5 7.7 6.5 6.7 9.5 
1.3 Skeletal muscle 6.3 7.1 7.1 8.4 9.2 7.1 
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more or less diiferent behavior concerning the mean grain density over 
the diiferent cell types. 

In Table III these activity ratios for the liver cells of different animals, 
using different amino acids, are compared. The ratio is always approx
imately 7 and does not depend on the animal species. 

TABLE III. Ratio of Total Cytoplasmic to Total Nuclear Amino Acid 
Incorporation for the Liver of Mouse, Rat, Rabbit, and Pigeon 

after Application of Different Amino Acids 

Animal 
Mouse 

Rat 
Pigeon 

Rabbit 

Amino acid 
3H-Amino acids (mean 

value of 8 different) 
3H-L-Tyrosine 
3H-DL-Leucine 
3H-DL-Lysine 
3H-DL-Leucine 

Liver 

7.5 
7.1 
6.8 
6.8 
7.4 

Of course, this constant ratio of cytoplasmic to nuclear incorporation 
(shown in Tables II and III) represents mean values for the cells of a 
certain cell type. However, this seems to hold true for the individual cell 
too. In certain favorable cases where the cell borders were easily recog
nized, the number of grains over the cytoplasm and over the nucleus were 
counted and the corresponding cytoplasmic and nuclear areas were mea
sured simultaneously. The volumes of nucleus and cytoplasm and the 
corresponding activity per total volume were then calculated. The ratio 
between cytoplasmic and nuclear activity was found to be rather con
stant for the different cells examined, and had similar values as listed in 
Table II. Of course, this latter method of evaluation is of limited 
accuracy. 

In Fig. 9 the values of the ratio of cytoplasmic to nuclear 3H-L-tyrosine 
incorporation of the whole cell of the adrenal cortex (mouse) are plotted 

Adrenal cortex H-L-tyrosine,mouse 

30 60 90 120 180 210 

FIG. 9. Ratio of total cytoplasmic to total nuclear incorporation as a function 
of time. Adrenal cortex of the mouse labeled with 3H-tyrosine. 



CYTOPLASMIC AND NUCLEAR PROTEIN SYNTHESIS 129 

as a function of time. There is a constant ratio between 5 and 315 minutes. 
For other cell types too, and with different amino acids, the ratio became 
constant after about 30 minutes. This means that after an initial period 
of equilibration of the free amino acid in the cytoplasm and nucleus, the 
increase in activity with time is the same for the cytoplasm and nucleus, 
and that the incorporated activity represents protein synthesis in the two 
cell compartments. It is very improbable that the curve in Fig. 9 could 
be the final result of migration of labeled protein from nucleus to cyto
plasm and vice versa, because the same ratio of 7 for liver and muscle 
cells would then be quite incomprehensible, considering the big differ
ences in the relative volumes of cytoplasm and nucleus. 

The exocrine pancreas epithelia, which show an exceptionally high 
ratio of about 14 (Table I I ) , seem to be no real exception. It is known 
that after short experimental times the grains appear over the ergasto-
plasm. As time increases, more and more grains are found over the zymo-
gen granules [35]. Grain counts such as those performed for cells of the 
adrenal cortex (Fig. 9) were carried out for the exocrine pancreas 
epithelia and showed that the ratio of cytoplasmic to nuclear incorpora
tion has a value of about 7 for short-time experiments and that this value 
increases with time. However, a value of about 7 was found for long 
experimental times too, when only those grains over the ergastoplasm 
were counted as "cytoplasmic activity" and those grains over the zymogen 
granules were excluded. Here, special conditions seem to exist which 
need further clarification. 

The considerably lower value for the Lieberkiihn's crypts (in Table 
II) is in line with the observation that the value for the ratio of cyto
plasmic to nuclear incorporation obviously tends to decrease in all cells 
with an increased metabolic function (as shown in Table IV). Thus, 
lower values for the ratio of cytoplasmic to nuclear amino acid incorpora
tion was found in regenerating liver cells [4], in trained heart muscle 
compared to normal [21], in fetal heart muscle compared to that of the 
mother [21], and especially in carcinoma cells [6]. Under the effect of 
butter yellow, the value of the ratio for liver cells decreases with in
creasing changes to adenoma and finally to carcinoma cells until it 
reaches a very low value of about 0.9 in the carcinoma cells [14, 20]. On 
the other hand, 2 hours after application of CC14 [5] to mice, the rela
tively high ratio of cytoplasmic to nuclear incorporation of 13.2 was 
found for the parenchymal cells of the centroacinar region in the liver 
lobules. On autoradiographs the grain density of these cells is 10 times 
less compared with normal liver cells; this means that these cells have a 
considerably reduced protein metabolism. In general, all experimental 
results obtained and listed in Table IV suggest that cells with a high 
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metabolic activity have more or less small values for the ratio of cyto
plasmic to nuclear incorporation and vice versa. 

Derivation of a Generally Valid Incorporation Scheme by 
which the Very Different Protein Metabolism in 

the Different Cell Types is Controlled 
Considering the results described above, a generally valid incorpora

tion scheme can be derived from the autoradiographic results. As shown 
in Figs. 6, 7, and 8, the protein synthesis of the whole nucleus depends 
on the volume of the nucleus. A big nucleus has a high protein turnover, 
a small nucleus a low one. On the other hand, Tables II and III demon
strate that the protein synthesis in the whole cytoplasm is always a very 
similar multiple of that in the whole nucleus. That means that the cyto
plasmic protein synthesis is also proportional to the nuclear volume. 

The very different grain densities of the different tissues on the auto-
radiographs can be easily explained by this simple incorporation scheme 
as shown in Fig. 10 for the autoradiographs of liver and muscle after 
application of 3H-leucine. In the liver, the grain density over nucleus 
and cytoplasm is almost the same. This is due to the fact that in the liver 
the ratio of cytoplasmic to nuclear protein synthesis is approximately 
equal to the ratio of the volume of the two cell structures. The amino 
acid incorporation per unit volume is then similar in the nucleus and cyto
plasm. In the muscle cell, as compared with the liver cell, the ratio of 
nuclear to cytoplasmic volume is quite different. In the autoradiograph 
of the muscle cell there is a single nucleus with a high grain density. 
Over the cytoplasm the grain density is approximately 10 times lower. 
This autoradiograph was purposely exposed much longer than the liver 
autoradiograph. Had the exposure time been the same for both, muscle 
and liver nuclei would have had a similar grain density. But then, only 
a few grains would be situated over the cytoplasm of the muscle cell. 
In summary, the small nucleus of the muscle cell also has a small protein 
synthesis rate. But it also applies for the muscle cell that the cytoplasmic 
protein synthesis is about 7 times that of the nucleus (Table II) . How
ever, this proportionally small cytoplasmic protein synthesis is distrib
uted throughout a cytoplasmic volume 100 times bigger. This leads to a 
very small grain density over the cytoplasm. This is the quantitative ex
planation of the small grain density for tissues like muscle, connective 
tissue, and others. 

The curve in Fig. 11 is a consequence of the incorporation scheme 
described. There is a linear relationship between the grain density over 
a certain cell type and the percentage of nuclear volume related to the 
total cellular volume. The amino acid incorporation per milliliter tissue 
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FIG. 10. Autoradiographs of the liver (this page) and the skeletal muscle 
(opposite page) of the mouse. Labeled with 3H-leucine, 60 minutes. 
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(measured as grain density) only depends on the proportion of the volume 
of all nuclei within this milliliter tissue. This proportion, however, is noth
ing more than the percentage of nuclear volume related to the total cellu
lar volume. According to the incorporation scheme described, an approx-
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FIG. 11. Relationship between mean grain density and the nuclear-cellular-vol
ume ratio of the corresponding cell type for 26 different cell types. Grain density 
equals the average of the relative grain density for tyrosine, phenylalanine, arginine, 
lysine, and tryptophan. Each numbered point corresponds to one cell type as follows: 

0. Erythrocytes 14. Salivary gland 
1. Skeletal muscle 

Fibroblasts 
Muscle (tongue) 
Heart muscle 17. 
Smooth muscle 18. 
Pancreas exocrine 

7. Kidney cortex 
8. Kidney (Henle) 

(serous) 
15. Pancreas endocrine 
16. Adrenal medulla 

Villus epithelia 
Prestomach epithelia 

19. Tongue epithelia 
20. Ganglionic cells (CNS) 
21. Choroid plexus 

Liver 
10. Kidney medulla 
11. Salivary gland 

(mucous) 
12. Adrenal cortex 
13. Rrunner's glands 

22. Chief cells (stomach) 
23. Crypt cells (small 

intestine) 
24. Plasmocytes 
25. My enteric plexus 

imately linear relationship is to be expected between protein synthesis 
and the percentage of the nuclear volume related to the cellular volume. 

The possibility of establishing one common incorporation scheme for 
so many cell types leads to the conclusion that the protein metabolism 
of a cell is much more fundamentally controlled than would be expected 
for cells differing so greatly in function and morphology. 
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Proportionality Between Protein and RNA Turnover in 
the Different Tissues 

As already described [30, 33], similar autoradiographs were obtained 
after application of labeled amino acids and labeled RNA precursors, 
such as tritiated cytidine and uridine. Apart from the different intra-
cellular distribution of the grains, both kinds of autoradiographs have a 
very similar blackening pattern throughout the different organs and tis
sues of the organism. Figure 12 gives an example for the adrenal gland 
of the mouse after application of tritiated cytidine and leucine. 

Quantitative evaluation by counting grains [30, 33] per unit area 
resulted in very similar relative grain densities for both RNA precursors 
and amino acids for the different cell types. There are only a few ex
ceptions. 

This agreement of the autoradiographic results for labeled amino 
acids and RNA precursors suggests that for those cell types the protein 
synthesis rate is, within certain limits, proportional to the RNA synthesis 
rate. Consequently, the nuclear volume is a measure for the nuclear RNA 
synthesis rate too. This was directly confirmed by Schneider and Maurer 
[29] in experiments with 3H-cytidine. The results correspond to those 
in Fig. 6. This proportionality of the turnover rates for protein and RNA 
should not be confused with the proportionality between the protein 
turnover rate and the RNA content in a cell, as pointed out by Caspers-
son and Brächet. 

The proportionality of protein and RNA synthesis rates may be respon
sible for the strikingly constant ratio of cytoplasmic to nuclear protein 
synthesis. Proportional amounts of protein and RNA are synthesized in 
the cell nucleus. The messenger RNA then migrating to the cytoplasm 
may induce a corresponding synthesis of cytoplasmic protein there. 

SUMMARY 

Application of 14 different 3H-, 35S-, and 14C-labeled amino acids to 
mouse, rat, rabbit, guinea pig, and pigeon results in autoradiographs of 
a very similar blackening distribution over the various cell types. Ob
viously the relative grain density represents relative protein turnover 
rates of the various cell types. Some exceptions are discussed. 

For the different cell nuclei of the organism an approximately equal 
protein synthesis rate per unit nuclear volume was found. This means 
that the protein synthesis rate in the whole nucleus depends on the vol
ume of the nucleus. 

Since the protein synthesis rate in the total cytoplasm of a cell is, in 
the majority of the cell types, a fixed multiple of the nuclear synthesis 
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FIG. 12. Autoradiographs of the adrenal cortex of the mouse after application of tritiated cytidine, 
180 minutes (left); and tritiated leucine, 60 minutes ( r ight) . 
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rate, the cytoplasmic protein synthesis rate depends on the nuclear vol
ume as well. 

These results lead to a generally valid scheme for cellular protein 
synthesis by which the great differences in the protein metabolism of the 
different cell types can be understood. 

The protein synthesis per unit volume of the various cell types shows 
a linear relationship to the ratio of nuclear volume to whole cellular 
volume for the corresponding cell type, which can be understood as a 
consequence of the incorporation scheme described. 
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DISCUSSION 

D R . FITZGERALD: I noticed that the incorporation of 3H-leucine into the cyto
plasm, relative to that in the nucleus, was greater in the pancreas than in the other 
organs. Is the difference related to the presence of zymogen granules? 

D R . SCHULTZE: The ratio of cytoplasmic/nuclear incorporation (whole cell struc
ture) is fairly constant in most cells, but pancreas is an exception. For all amino 
acids examined, the value is higher in the pancreas of rats and mice; at 60 minutes 
it is approximately double the value found in other cells. But the ratio of counts 
over ergastoplasm only/nucleus has the same value as in other tissues, that is, about 
7. This does not offer any explanation, however, since radioactive material found 
in the region of zymogen granules should originate from synthesis in the ergasto
plasm. This problem needs more experimental work. 

D R . TONNA: Did you obtain similar results for bone and cartilage cells as for 
other cells? 

D R . SCHULTZE: Cartilage and bone cells have the same relative incorporation 
rate with different amino acids, but the ratio of cytoplasmic over nuclear incorpora
tion in these cells has not been estimated. 

D R . GOLDSTEIN: Your data suggest that the rate of protein synthesis per unit 
volume is constant no matter what the nuclear volume is. On the other hand, 
Chevremont reported that interference microscope measurements revealed that 
rather marked changes in protein concentration in the nucleus occur during the 
cell cycle. How do you reconcile these seemingly contradictory results? 

D R . SCHULTZE: Concerning the changes in protein concentration in the nucleus 
during the cell cycle I must emphasize that our results represent the rate of protein 
synthesis. This synthesis rate is independent of the concentration and must not be 
correlated to the amount of protein, which may change. 

D R . GOLDSTEIN: Would you comment further on the migration of protein between 
nucleus and cytoplasm? 

D R . SCHULTZE: Concerning the movement of proteins between nucleus and cyto
plasm, the ratio of amino acid incorporation into the entire cytoplasm to that into 
the whole nucleus is constant between 3 minutes and 250 minutes after injection. 
A shift of protein in one direction would be detectable. In muscle cells, for instance, 
in which the concentration of the radioactive material is 10 times higher in the 
nucleus than in the cytoplasm, it is very unlikely that a diffusion equilibrium of 
labeled proteins exists. This is true for other cell types too (see Table I I ) . On the 
other hand, in liver cells the conditions are different. In these cells the concentration 



CYTOPLASMIC AND NUCLEAR PROTEIN SYNTHESIS 139 

of the radioactive material is approximately equal in nucleus and cytoplasm. A 
quick exchange of labeled proteins back and forth would probably not be detectable. 

D R . LEBLOND: The existence of a relation between nuclear size and rate of pro
tein synthesis is important. It is difficult, however, to understand the phenomenon, 
because of the presence in the nucleus of several labeled proteins and ribonucleic 
acids (RNA) with different rates of metabolism. 

Thus the grain counts over nuclei at 1 hour after RNA precursor injection cor
respond to the simultaneous presence of three labeled substances with different turn
over times (Amano et al., Exptl. Cell Res. 1965, 38, 314) . Similarly, at 1 hour after 
protein precursor injection there are several labeled proteins in nuclei, some of cyto
plasmic origin as suggested by the article of Goldstein at this symposium, and some 
of nuclear origin since they arise in isolated nuclei (Allfrey, V., 6th Canadian Can
cer Conference 1965, Academic Press, New York). Hence, the interpretation of your 
observations requires the identification of one substance at a time by kinetic or his-
tochemical analysis in nuclei of various sizes. 

D R . PELC: I do not agree that the graphs used by Amano et al. to analyze RNA 
synthesis in nuclei can unambiguously be interpreted as triphasic curves. They might 
well be biphasic and indicate exponential breakdown, eventually slowed down by 
reutilization of precursors. 

D R . LEBLOND: The presence of the same pattern in four locations is taken as 
evidence in favor of the presence of three rather than two labeled RNA's in the 
nucleus. This conclusion is in line with recent biochemical analyses by Mirsky and 
Allfrey indicating the existence of three types of RNA in nuclei. Whatever the case 
may be, it is essential to realize that, after injection of either RNA or protein pre
cursors, there are several labeled products in the nucleus. 

D R . SCHULTZE: There are, of course, deviations from the constant relationship 
of cytoplasmic to nuclear incorporation, and also from the linear increase of nuclear 
incorporation with the nuclear volume. But in general, these relations exist and 
variations are minor, considering the differences in protein metabolism among the 
different cell types, numbering about 50. I am quite aware that I only measure the 
sum of all the rapidly turning-over fractions of proteins. 
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INTRODUCTION 

The study of the lymphocyte is probably beset with more problems than 
that of any other cell type despite intensive research, particularly within 
recent years. The problems concern its origin, life-span, fate, extent of 
recirculation, and function. Functional considerations include its potential 
for elaborating substances important to the body in health and disease 
as well as its possible role in hemocytopoiesis, e.g., to serve as a stem 
cell for other types of blood cells. The problems are complicated by the 
fact that lymphocytes are not of a uniform cell type and investigators 
have not always agreed on the morphological characteristics of these 
cells. This complication with morphology has been appropriately ex
pressed by Yoffey's statement [41] that "one thinks of the lymphocyte in 
negative terms, defining it rather by the absence of characteristics which 
other white cells possess, than by positive attributes of its own." 

Thoracic duct lymph (TDL) has served as the source of lymphocytes 
for most investigators in studies of lymphocyte production as well as for 
a great variety of related studies. This seems appropriate since from the 
thoracic duct large numbers of lymphocytes can be easily obtained which 
are relatively uncontaminated by other cell types. Additionally, these 
are believed to be representative of the lymphocyte population, par
ticularly those from lymph nodes. Appropriately stained smears of 
thoracic duct lymph show that lymphocytes cover a wide spectrum with 
respect to size, and are generally classified as large, medium, and small 
(Fig. 1). In studies from this laboratory [33] with rats, lymphocytes 
classified as large have a nuclear index of 110 or more μ2. (The nuclear 
index is defined as the product of two nuclear diameters measured at 
right angles.) Approximately 1 per cent of the cells in TDL are large. 
Lymphocytes having nuclear indexes of less than 110 μ2 and more than 
56 μ2 are considered medium and those with nuclear indexes of 56 μ2 or 
less are classified as small. Approximately 4 per cent of the cells in TDL 
are medium and the great majority, about 95 per cent, are small. Studies 

1 Supported by U.S. Atomic Energy Commission contract AT(45-1)-1377. 
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FIG. 1. Photomicrograph showing typical large, medium, and small lymphocytes 
of TDL. Magnification: 1500 X . 

FIG. 2. Large lymphocytes of TDL. a, Cell with intensely basophilic cytoplasmic 
rim which is believed to be a plasma cell precursor, b , Large cell with abundant 
pale staining cytoplasm which is believed to be a precursor of medium and small 
lymphocytes. Magnification: 1550 X . 
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have shown that large lymphocytes are derived from stem cells of the 
node and that the developmental sequence, through a series of divisions, 
is large lymphocyte —» medium lymphocyte —» small lymphocyte [12, 13, 
34]. The small lymphocytes comprise a nondividing population since they 
do not incorporate tritiated thymidine. They apparently retain the mitotic 
potential, however, since they have been shown to enlarge, entering the 
medium size category, and then undergo deoxyribonucleic acid (DNA) 
synthesis when appropriately stimulated [16, 17, 19, 28]. Thus, the class 
of medium-sized lymphocytes can include some cells derived from small 
lymphocytes as well as those derived from the large cell precursors. 
That the large lymphocytes of the TDL are not of a homogeneous type 
is evidenced by differences in staining [31], as well as by differences in 
submicroscopic structure [6, 42]. With conventional stains some of the 
large cells are round with a small amount of highly basophilic cytoplasm; 
others have more abundant cytoplasm which is pale staining (Fig. 2) . 
The cells with intense basophilia are undoubtedly the same as those 
which have been shown by electron microscopy to have an abundant 
rough endoplasmic reticulum and are plasma cell precursors [6, 42]. These 
have been reported to synthesize γ-globulin [38] as well as to develop 
into mature plasma cells [18, 36]. The cells with the more abundant pale-
staining cytoplasm are believed to be precursors of small lymphocytes. 

Recent studies from this laboratory have shown that there are two 
populations of small lymphocytes in the rat with respect to site of origin, 
circulating life-span, and likely with respect to function [7, 15]. One 
population is short-lived and has a circulating life-span of 3-6 days. The 
other population, long-lived, appears to have a potential life-span com
parable to that of the animal. These long-lived cells have been labeled 
and recovered from TDL at periods up to 1 year post-thymidine [11]. 
Approximately 90 per cent of the small lymphocytes in thoracic duct 
lymph of rats are long-lived and recirculate from blood to lymph. These 
long-lived cells are found in lymph nodes, spleen, and Peyer's patches, 
but are not ordinarily found in thymus or bone marrow [14, 15]. 

With respect to function of lymphocytes, an increasing body of in
formation indicates their involvement both directly and indirectly in 
immune mechanisms (see review by Yoffey [41]). It is, in fact, now 
generally agreed that lymphocytes are the cells primarily involved in the 
homograft reaction, and it is probable that small cells mediate the 
response [3, 4, 21]. Experiments suggest that contact of lymphocytes with 
the homograft is necessary for graft destruction [1, 39, 40]. Attardi et ah 
[2], using a single cell technique, have shown that small lymphocytes as 
well as plasma cells are capable of inactivating bacteriophage and thus 
show antibody activity. Furthermore, the studies of Gowans and his 
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associates [17, 19, 20] as well as those of Porter and Cooper [28], provide 
convincing evidence that small lymphocytes may undergo hypertrophy 
and divide in response to antigenic stimulation. Studies in our laboratory 
have also shown hypertrophy of small lymphocytes which has followed 
irradiation or pertussis treatment [15, 16]. This hypertrophy, primarily 
cytoplasmic, suggests an immunologically active phase for these cells. 

If the various lymphocytes have a direct role in immune mechanisms, 
it is likely that it would involve the elaboration of some protein sub
stance in response to the immunological stimulus. Accordingly, studies 
were undertaken to assess protein synthesis of lymphocytes obtained from 
the thoracic duct lymph of control and stimulated rats with the view that 
the data might provide clues relative to lymphocyte function. Tritiated 
methionine and leucine have been used as precursor substances, and 
assessments of protein synthesis were made from radioautographs pre
pared with Eastman Kodak liquid NTB3 emulsion. 

As pointed out previously [23], all cells elaborate protein even in the 
absence of bodily growth and this synthesis has been classified into 3 
main types: (1) that associated with the formation of new cells; (2) that 
due to the elaboration of the various types of secretory, structural, and 
circulating materials; and (3) that attributable to turnover of intra-
cellular material. Since large and medium lymphocytes are known to 
divide, attempts have been made to assess the extent of protein synthesis 
in these cells which is for cell renewal as well as that which is for export 
or intracellular turnover. This assessment has been made by comparing 
the time curve of labeling intensity for cells labeled with amino acids 
to similar curves obtained from a parallel set of experiments using 3H-
thymidine as a specific DNA precursor. 

PROTEIN SYNTHESIS IN RELATION TO CELL RENEWAL 

For the amino acid experiments, each of seven male rats weighing 
135-170 gm was given a single intravenous injection of 3H-methionine 
(specific activity 148 mc/mmole) in the amount of 4 μο/gm body weight. 
At intervals of 15 minutes, 4, 8, 24, 36, and 96 hours post-injection, TDL 
was collected by means of a Reinhardt fistula [30]. Radioautographs of 
smear preparations were made as previously described [13] and these 
were exposed for 8 weeks. In the parallel thymidine experiments each 
rat was given a single intravenous injection of 3H-thymidine (1.9 
c/mmole) in the amount of 1 μc/gm body weight. 

In the 3H-methionine experiments 100 per cent of the TDL large 
lymphocytes were labeled at 15 minutes and at all successive intervals 
sampled through 24 hours post-injection (Fig. 3). After 24 hours the 
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percentage of labeled cells was less than 100 per cent because the 
intensity of label for many cells after this time was below the level 
detected by the radioautographic procedure. The average grain count 
of the large lymphocyte was 32 at 15 minutes and increased to 53 at 4 
hours. By 8 hours it had decreased slightly to 49. Between 8 and 18 hours 
the average grain count for the large cell decreased from 49 to 15, which 
reflects a 70 per cent loss in radioactivity. The increase in labeling inten
sity between 15 minutes and 4 hours after 3H-methionine injection was 
not apparent in the thymidine experiments since the availability time 
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FIG. 3. Labeling patterns of large TDL cells. In the lower part of the figure the 
rates at which radioactivity disappears from large lymphocytes labeled in vivo with 
3H-methionine and with 3H-thymidine are compared. The graph in the upper part 
of the figure shows that 100 per cent of the large cells were labeled with 3 H-
methionine during the critical period of the comparison, 8 to 24 hours post-injection. 

of 3H-thymidine is less than 20 minutes [29]. The availability time of 
labeled amino acids is approximately 1 hour [32]. After the initial rise, 
the rate of decline in average grain count of the large lymphocyte popula
tion labeled with 3H-methionine was essentially the same as that for 
cells labeled with 3H-thymidine (Fig. 3). Thus it appears that in con
sidering the total population of large cells, practically all protein synthe
sis is related to division. 

Like the large lymphocytes, 100 per cent of the medium cells were 
labeled at short intervals after 3H-methionine (Fig. 4). Although the 
average grain count of the medium cell was less than that of the large 
lymphocyte, the density of silver grains per unit area was comparable. 
The range of labeling intensity was greater for the medium than for 
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the large cell, and a few medium lymphocytes (usually intensely 
basophilic) had 4^5 times as many grains as the average medium cell. 
Although the generation time of the medium lymphocyte is not known 
and cannot be readily calculated, since, as indicated above, some may 
arise from hypertrophied small cells as well as through division of larger 
precursors, the rate of disappearance of radioactivity makes it highly 
probable that label is lost at a faster rate than can be accounted for by 
mitosis alone. For instance, between 18 and 24 hours, a time when the 
percentage of labeled medium lymphocytes remained constant in both 
the 3H-methionine and 3H-thymidine experiments, the medium lym-

— o— H - Methionine 

0 10 20 30 40 50 
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FIG. 4. Protein synthesis in control versus "activated" lymphocytes. In the 
lower part of the figure the rates at which radioactivity disappears from medium 
lymphocytes labeled in vivo with 3H-methionine and with 3H-thymidine are 
compared. The graph in the upper part of the figure shows that essentially 100% of 
the medium lymphocytes were labeled with 3H-methionine during the critical period 
of the comparison, 18 to 24 hours post-injection. 

phocyte population lost 63 per cent of its labeled protein, whereas the 
loss of labeled DNA was only 12 per cent. Thus it appears that for the 
medium lymphocyte approximately 20 per cent of the loss in labeled 
protein was due to cell division and the remainder, approximately 80 
per cent, may be attributable to export and/or intracellular turnover. 

The small lymphocytes, like the large and medium cells, labeled 
immediately after injection of 3H-methionine. Although not all small 
lymphocytes were labeled under the conditions described, it was found 
that 100 per cent evidenced labeling after increasing the exposure time 
or the dosage level of labeled amino acid (Fig. 5) . Labeling intensities 
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of small cells were fairly uniform at early intervals after isotope adminis
tration, with grain counts ranging from 3 to 10 per cell. The extent of 
labeling of these cells in relation to time is shown in Fig. 6. It may be 
noted that once the small lymphocytes reached maximal labeling their 
loss of radioactivity was at the rate of approximately 50 per cent in 12 

FIG. 5. Radioautograph of TDL lymphocytes from a rat after a subcutaneous 
injection of 3H-leucine (30 μο/gram body weight) ; 14 day exposure. Magnification: 
1500 X . 
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FIG. 6. Graph showing disappearance of label from TDL small lymphocytes 
after in vivo labeling with 3H-methionine. 
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hours. This disappearance of labeled protein is almost entirely attributa
ble to intracellular turnover and/or export rather than to cell renewal, 
since it is known that 90 per cent of the small cells in lymph have a very 
long life-span and recirculate from blood to lymph [15]. 

The distribution of silver grains over the lymphocytes indicated that 
protein synthesis was proceeding in both the nucleus and cytoplasm of 
all the cells. 

MORPHOLOGICAL CHANGES IN THE SMALL TDL LYMPHOCYTE 
DUE TO STRESS 

Studies on the morphology and size distribution of lymphocytes have 
shown that the average small cell in healthy animals has a nuclear index 
of 36 μ2 with only a small amount of cytoplasm. A small percentage 

FIG. 7. Photomicrographs showing control (7a) and activated (7b) small 
lymphocytes. Magnification: 1500 X . 

(ca. 10 per cent) have a slightly larger nucleus and more abundant 
cytoplasm. In animals receiving an antigenic stimulus such as pertussis 
vaccine, the size distribution of small lymphocytes in TDL shifted so 
that the average cell had a nuclear index of 49 μ2 and more abundant 
pale-staining cytoplasm [15]. A greater enlargement of small lymphocytes 
has been observed in thoracic duct lymph of animals recovering from 
sublethal irradiation. These enlarged or activated small lymphocytes are 
shown in relation to control cells in Fig. 7. 



PROTEIN SYNTHESIS IN LYMPHOCYTES 151 

Following 300 r of total body irradiation, approximately 90 per cent 
of the long-lived small lymphocytes became pycnotic and were removed 
from circulation during the first 48 hours following exposure [16]. Ap
proximately 10 per cent of the small cells survived this dose and the 
average cell size increased, reaching a maximum at about 10 days post-
irradiation. Transfusion of 3H-thymidine labeled long-lived cells to ir
radiated animals showed that the post-irradiation enlargement was 
mediated through the irradiated animal and was not due to the direct 
action of irradiation on the cell. In spite of the increase in size, most of 
the activated lymphocytes were small, that is, incapable of division as 
shown by their failure to incorporate 3H-thymidine. Although a small 
percentage of the activated cells may enter the medium-sized category 
and divide, it is believed that the morphological changes represent, in 
most cases, an immunologically active phase in the life cycle of the long-
lived small lymphocyte. 

PROTEIN SYNTHESIS IN THE ACTIVATED SMALL LYMPHOCYTE 

In view of the morphological changes which occur in long-lived small 
lymphocytes subjected to various stimuli, it was decided to compare 
labeled amino acid incorporation in the activated cells with that of 
nonactivated small lymphocytes to determine if the morphological 
changes were associated with changes in protein synthesis. 

The problem was first approached by using smears of the TDL from 
both controls and from animals given an intraperitoneal injection of 
pertussis vaccine (5 X 109 cells). Labeled amino acid was administered 
1 hour prior to thoracic duct cannulation and 4 to 7 days post-pertussis. In 
the pertussis-treated animals from 30-50 per cent of the small cells were 
activated. It is to be noted that in the controls 5-10 per cent of the cells 
were also judged from their morphological appearance to be activated. 
The cells in each slide were classified as either activated or nonactivated 
and the total number of grains over 100 cells of each type were counted. 
These preliminary studies indicated that the average grain count of 
activated small lymphocytes was approximately twice that of non-
activated cells. 

In a second approach to the problem, in vitro experiments were em
ployed using 3H-leucine as the protein precursor and sublethally irra
diated rats as the source of activated cells. These experiments offered 
certain advantages over the in vivo experiments, namely: they provided 
a higher percentage of activated cells; allowed for better control of 3H-
amino acid concentration in the incubation medium; and eliminated the 
complication of labeled noncellular proteins in the radioautographic 



152 N. B. EVERETT ET AL. 

preparations. These in vitro experiments also allowed for assessing the 
reliability of grain count determinations in estimating the rate of protein 
synthesis. Two types of experiments were used in this evaluation. In one, 
the amount of 3H-leucine was varied with a constant incubation time of 
20 minutes, and in the second, the amount of 3H-leucine was constant 
(50 fic/ml media) and the incubation time was varied. The specific 
activity of the leucine was 5100 μο/ιτιιηοΐε. It may be observed (Fig. 8) 
that the average grain count per cell was directly proportional to the 
amount of 3H-leucine added. Likewise, the average grain count was 
directly proportional to the period of incubation (0-120 minutes). 
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FIG. 8. Graph showing that average grain count over the small lymphocytes was 
proportional to the amount of 3H-leucine added to the incubation medium. 

Thirteen male Sprague-Dawley rats between 100 and 200 gm body 
weight were given 300 r of total body irradiation using a cobalt-60 source. 
During the second week post-irradiation lymph was collected from each 
rat by means of a Reinhardt fistula. Thoracic duct lymph from a non-ir
radiated control was processed with each experimental animal. The cells 
were counted, centrifuged, and resuspended in homologous serum. Ap
proximately 20 X 10e cells from each experimental and control rat were 
incubated at room temperature in identical media consisting of homol
ogous serum and 3H-leucine in a concentration of 50 μο/ιηΐ. After 20 
minutes to 1 hour of incubation the cells were washed once by cen-
trifuging and resuspending in Hank's balanced salt solution. Following 
a second centrifugation the cells were resuspended in a few drops of 
homologous serum and smears were made for radioautography. The 
slides were exposed for 1 to 3 weeks, depending upon the period of 
incubation, and grain counts were made on 100 small lymphocytes 
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encountered at random in each slide. Labeled activated cells are shown 
in Fig. 9. The results of the grain count determinations for the irradiated 
and control animals are summarized in Fig. 10. In all cases the average 
grain count was significantly higher in small lymphocytes of the ex-

FIG. 9. Radioautograph of TDL small lymphocytes from an irradiated animal 
cultured in vitro with 3H-leucine. Note the three activated (enlarged) cells which 
show a higher grain count than the smaller nonactivated cells. Magnification: 
1500 X . 
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FIG. 10. Comparison of the in vitro uptake of 3H-leucine in small lymphocytes 
of TDL from control and irradiated rats. 

perimental animals. The small lymphocytes of experimental animals were 
predominantly of the activated variety, whereas those of controls were 
essentially all nonactivated. An average of all the experiments indicated 
that the small lymphocytes of irradiated rats synthesized protein at a rate 
90 per cent higher than in nonirradiated controls. 
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DISCUSSION 

The experiments reported here are in accord with the earlier auto-
radiographic studies of Pinheiro et al. [27] and Rieke and Schwarz [32] 
showing that 100 per cent of the lymphocytes are labeled by a single 
injection of tritiated amino acid and that the larger cells are more heavily 
labeled than the smaller ones. 

The present studies indicate that practically all of the protein 
synthesized by the large cell population in TDL is associated with mitosis 
and cell renewal, while the major portion of that synthesized by the 
medium cells (80 per cent) and practically all of that produced by small 
cells is for purposes other than cell renewal. It should be emphasized, 
however, that these results are not in conflict with the view that some 
large lymphocytes may synthesize protein for purposes other than mitosis 
since the considerations apply to the total population of large lympho
cytes in TDL. There is, in fact, good evidence that some of the large 
cells in TDL are plasma cell precursors [6, 18, 36, 42] and that they 
synthesize γ-globulin [38]. It is still a subject of considerable controversy 
as to whether the mature plasma cells or the immature blast forms have 
the major role in γ-globulin synthesis and export [26, 35], Radioauto
graphic studies using tritiated amino acids offer a direct approach to this 
problem, and the recent studies of Mitchell [24, 25] lend strong support 
to the view that it is the mature cell which is more actively engaged in 
protein synthesis for export. 

The studies of Mitchell [24, 25] and those of Rieke and Schwarz 
[32] showed that, in comparison to plasma cells, there is little turnover 
of protein in small lymphocytes. Mitchell concluded that small lym
phocytes synthesize only a small amount of fairly stable protein. The 
present studies as well as those of Rieke and Schwarz are not in accord 
with this conclusion, but show that protein turnover is occurring in the 
small lymphocyte with a half-time renewal rate of 12 hours for the 
labeled fraction. 

The current study also shows that the rate of protein synthesis in 
small lymphocytes may be increased by conditions of antigenic stress 
and that this increase is associated with a change in the morphology of 
the cells, suggesting a more active phase. The activated small lympho
cyte has a slightly larger nucleus with looser chromatin and more abun
dant cytoplasm with numerous small "nonstained bodies" and vacuoles. 
The "nonstained bodies" are probably the same as the multivesicular 
bodies observed by electron microscopy [42]. Janus green staining shows 
they are not mitochondria. The cytoplasm is not highly basophilic as 
compared with that of the mature plasma cell. 
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These activated cells are believed to be comparable to those pre
viously described by a number of investigators. Their morphology is 
similar to that described by Downey and McKinlay [9] for the type III 
lymphocyte prevalent in certain diseases, by Dougherty and Frank [8] as 
stress lymphocytes observed in adrenalectomized rats, by Holub [22] as 
the "reactive small lymphocyte" present in TDL cultures exposed to 
antigenic stimuli, and by Binet and Mathe [5] as the "active cell" during 
the host versus graft reaction. The active cell in homograft rejection has 
been characterized by electron microscopy as having the morphological 
features of the small lymphocyte except for a peripheral distribution of 
chromatin and a relatively large amount of vesicular cytoplasm contain
ing numerous non-membrane associated ribosomes [39]. These cells are 
easily distinguished from plasma cells which have an abundant rough-
surfaced endoplasmic reticulum. 

Very little information has thus far been obtained as to the types of 
protein synthesized by the lymphocytes. Recent advances in such tech
niques as immunophoresis combined with radioautography offer a 
promising method for approaching the problem. Initial success has been 
achieved in this laboratory with this combination method employing 
liquid NTB emulsion. The method entails culturing lymphocytes in a 
medium containing 14C-amino acids. The lymphocyte proteins as well 
as the incubation medium are then exposed to immunophoresis and the 
immunoplates are coated with NTB liquid emulsion. These preliminary 
studies [10], as well as related studies by Slonecker [37], indicate that 
small lymphocytes synthesize proteins of the a-globulin variety as 
detected by electrophoretic studies. Since the α-globulins are not 
recognized as immunoglobulins and do not participate in the agglutina
tion or precipitation reactions which are characteristic of classic anti
bodies, the problem as to the role of the α-globulins and thus the small 
lymphocyte in immunology remains obscure. The use of radioactive 
amino acids and radioautography combined with immunoelectrophoresis 
offers promise in approaching these problems. 

SUMMARY 

An assessment was made of the extent of protein synthesis for cell 
renewal in thoracic duct lymphocytes as well as that which is for export 
or intracellular turnover. This was done by comparing the time curves of 
labeling intensity for cells labeled in vivo with 3H-methionine to similar 
curves obtained from a parallel set of experiments using 3H-thymidine 
as a specific DNA precursor. The results indicated that essentially all 
protein synthesis of large lymphocytes and approximately 20 per cent 
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of that of medium lymphocytes is related to division. All small lym
phocytes evidenced protein synthesis which was attributable to intra-
cellular turnover and/or export. 

In vitro experiments, using 3H-leucine as a protein precursor, showed 
that activated small lymphocytes from rats receiving 300 r of γ-irradiation, 
synthesized protein at a rate 90 per cent higher than small lymphocytes 
of nonirradiated controls. The increased protein synthesis is believed to 
reflect an immune-like response, since the resultant activation of small 
cells has been shown to be mediated through the irradiated animal and 
is not a direct effect of irradiation upon the cells. 
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DISCUSSION 

D R . EVERETT: A percentage of lymphocytes in cultures from blood is not stimu
lated by antigens. This observation could be related to the fact that there are two 
varieties of small lymphocytes in blood. Blood has a much higher percentage of 
short-lived lymphocytes than does thoracic duct lymph, and it is likely that these 
are the ones which do not respond to antigenic stimulation. In rats, at least, it 
seems to be the long-lived small lymphocyte which responds to antigenic stimulation. 

D R . SCHWARZ: While small lymphocytes are transformed into immature-appear
ing cells by phytohemagglutinin, an extract of the kidney bean, such a response 
is not considered by all authors to be antigenic in nature. In any event, the number 
of cells responding to this mitogenic agent in vitro is unclear, because too little is 
known about ( a ) the number and kinds of cells which die during culture; ( b ) the 
number, proliferative rates, and progeny of the cells which do divide; and (c) the 
number that persist without being transformed. 

D R . LEBLOND: It appears that, under antigenic stimulation or stress, some small 
lymphocytes can transform into fairly large, basophilic, divisible cells known as 
pyroninophilic cells, blast cells, graft rejection cells, etc. However, there does not 
seem to be evidence that this transformation can take place in the absence of 
antigenic stimulation or stress. For several years, Whitelaw, at the Ontario Cancer 
Institute in Toronto, cultured individual small lymphocytes from human and rat 
blood under continuous microscopic observation for up to 12 days and did not see 
enlargement and mitosis of these cells. However, when phytohemagglutinin was 
added to the medium used for blood cell culture, there was enlargement and mitosis 
of the small lymphocytes. 

It would thus appear that, under steady state conditions and without antigenic 
stimulation, large and medium-sized lymphocytes do not come from small lympho
cytes. 

D R . EVERETT: Dr. Leblond, you have summarized very well our views relative 
to the kinetics of lymphocytes. We have no evidence that medium-sized lymphocytes 
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are derived from small lymphocytes in the normal course of development. W e recog
nize, however, that under appropriate stimulation some small lymphocytes enlarge 
sufficiently to enter the medium-sized class. It appears that these enlarged cells 
may divide to form other small lymphocytes. 

D R . KOBURG: It is difficult to explain those conditions in the human where 
there are large numbers of lymphocytes with a hyperplastic lymphatic tissue, but 
the immune response is very weak. There may then be a high proportion of lympho
cytes which cannot be activated. 

D R . ALLFREY: Since low doses of X-rays inactivate the nuclear adenosine tri-
phosphate (ATP) synthetic system (Stocken and Ord) , the use of 300 r may lead 
to reduced levels of nuclear ATP and to reduced synthetic capacities in surviving 
lymphocytes. 

D R . EVERETT: We recognize that 90% of the small lymphocytes are destroyed 
by 300 r. The 10% which persist enlarge and show increased protein synthesis. 
We have shown that this stimulation or activation is mediated through the animal 
and not from the direct effect of irradiation upon the small cells. I would add that 
we have shown the same relative increase in protein synthesis in small lymphocytes 
after antigenic stimuli. It seems likely that the activation of small lymphocytes by 
irradiation, which is indirect, is comparable to an immune response and may in 
fact be homologized with phenomena of autoimmune disease. 
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INTRODUCTION 

The synthesis of proteins in nerve cells has been investigated by means 
of radioautographv in the course of the past 10 years. On the basis of 
experiments in which radioactive sulfur-labeled amino acids were ad
ministered to intact animals, it was concluded that nerve cell bodies 
are the sites of a synthesis of protein [3, 8, 11, 12, 13, 19, 21, 24, 26-29]. 
Most authors have emphasized that protein synthesis is surprisingly large 
in nerve cells, as compared with most other cells of the body. 

The purpose of this paper is to survey the kinetic behavior of proteins 
in neurons, as derived by radioautography after administration of tritium-
labeled amino acids. The preparations were first examined in the light 
microscope [6]. More recently, the results were confirmed and extended 
with the electron microscope. 

TURNOVER OF PROTEINS IN NEURONS 
Biochemical Results 

Ever since it was first suggested that proteins turn over in the brain 
[14], attempts have been made to estimate the life-span of protein in 
the nervous system. Thus, after intracisternal injection of 35S-methionine, 
the half-life of brain proteins in rats was stated to be 13.7 days [16]. 
When 14C-labeled amino acids were injected and the flux of amino acid 
into the brain proteins of mice was calculated, a series of turnover values 
was found, ranging from 3 to 15 days with 14C-lysine and from 4 to 27 
days with 14C-leucine [23]. This "spectrum of turnover rates" reflected 
the heterogeneity of brain proteins [23, 33]. It must be emphasized that, 
when working on the whole brain by biochemical techniques, the data 
obtained are by no means specific for nerve cell bodies, since the ma
terial examined includes many nerve cell processes, glial cells of various 
categories, ependymal cells, and also blood vessels. 

i Dr. B. Droz was a Fellow of the Rockefeller Foundation (1960-1962) in 
the Department of Anatomy at McGill University. 
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FIGS. 1-3. Decay curves of radioactive proteins in three types of nerve cell 
body. 

FIG. 1 ( top) . Labeled proteins in Purkinje cells (cerebellum in rat) after 
3H-leucine injection. 

FIG. 2 (middle) . Labeled proteins in pyramidal cell (cornu Ammonis of hip
pocampus in rat) after 3H-leucine injection. 

FIG. 3 (bot tom). Labeled proteins in ganglionic cells (semilunar ganglion of 
the trigeminal nerve in mouse) after 3H-arginine injection. 

The log of the radioactivity concentration (x) is plotted against time after 
injection. The right part of the curve has a straight line portion, the slope of which 
corresponds to the rate (—k2) at which one class of protein turns over, that is, 5.8 
to 7.2 per cent per day. By extrapolating to time 0, this line in turn may be sub
tracted from the corresponding portion of the original curve. The difference yields a 
straight line of steep slope (—kx) indicating that 71 to 111 per cent of the second 
class of protein turnover in 1 day within the perikaryon. Thus two classes of 
protein may be distinguished: a rapidly turning over one of rate —k± and a slowly 
turning over one of rate —k2, such that: 

% = χλ e — kil + x2 e — k2t 

in which x1 and x2 may be graphically determined by extrapolating back to zero time. 
Taken from B. Droz and C. P. Leblond, / . Comp. Neurol. 121, 331 (1963). 
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Radioautographic Results 

In contrast, radioautography allows one to detect the radioactivity in 
individual neurons as distinct from their surrounding structures. Since 
the reliability of radioautography for the detection of newly synthesized 
proteins has been decisively established [9], this method is suitable for 
investigating the turnover of proteins within the neuron itself. 

The kinetics of the disappearance of newly synthesized proteins were 
examined in the Purkinje cells of the cerebellum, the pyramidal cells 
of the cornu Ammonis in the hippocampus, and in the ganglionic cells 
of the semilunar ganglion of the trigeminal nerve. 

After injection of a labeled amino acid such as 3H-leucine or aH-argi-
nine, the radioautographic reaction over the nerve cell bodies reaches a 
maximum around 90 minutes. Then, the radioactivity of cell bodies de
creases progressively as shown by grain counts (Figs. 1, 2, and 3) . All 
the decay curves obtained in plotting the log of the radioactivity con
centration of the perikaryon versus time show the same pattern: they 
consist of an initial portion which decays rapidly and of a terminal 
portion which decays slowly. The analysis of such time curves [36] indi
cates the existence of two classes of proteins (Table I ) : a rapidly turning 

TABLE I. Turnover Time of Proteins in Three Types of Nerve Cell Body 
as Calculated from the Decay Curves of Labeled Proteins after 

Labeled Amino Acid Injection 

Neuron 

Purkinje cell (cerebellum) 

Pyramidal cell (hippocam
pus) 

Ganglionic cell (semilunar 
ganglion) 

Injected 
amino acid 

3H-Leucine 

3H-Leucine 

3H-Arginine 

Life-span 

Migratory 

1.4 

0.9 

1.1 

(days) 
Sedentary 

13.7 

17.3 

13.7 

over protein, which leaves the cell body in about 1 day, and a slowly 
turning over protein, which spends about 2 weeks in the perikaryon [6]. 

STEPS IN THE ELABORATION OF PROTEINS IN NEURONS 

At short time intervals after injection of a labeled amino acid, the 
newly labeled proteins at their sites of synthesis are visualized by the 
radioautographic reaction. Later, proteins elaborated in one cell structure 
may be transported into another structure and their pathways of migra
tion can be traced by radioautography. 
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FIGS. 4 and 5. Hematoxylin and eosin stained radioautographs of semilunar ganglion of 80-gm rats 
given a single injection of 3H-leucine and sacrificed after 7 minutes (Fig. 4) and 4 hours (Fig. 5 ) . 

FIG. 4. After 7 minutes, the silver grains are scattered over the nucleus ( N u ) and perikaryon (P ) 
with the exception of the axon hillock ( H ) . A few grains may be seen over satellite cells ( S ) . 

FIG. 5. After 4 hours, the radioautographic reaction has increased over the perikaryon, but now 
silver grains accumulate over the axon hillock. 

Both figures taken from B. Droz and C. P. Leblond, J. Comp. Nenrol 121, 327 (1963) . 
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Sites of Protein Synthesis in Neurons 
As early as 7 minutes (Fig. 4) and 15 minutes (Fig. 6) after injection 

of 3H-leucine, the radioautographic reaction seen over the perikaryon, 
and also over the nucleus, indicates that these structures are the sites of 
protein synthesis. On the contrary, the axon hillock (Fig. 4, H) and the 
axon proper (Fig. 6, A), both of which lack ribosomes, give no evidence 
of protein synthesis. Furthermore, by 15 minutes, electron microscopy 
(Figs. 6 and 7) shows that the label contained in the perikaryon is con
fined to the ergastoplasm of the Nissl substance, the ribosomes of which 
are presumably the sites of protein synthesis. 

Intraneuronal Pathways of Migration 
With the passage of time, radioactivity is detected in regions which 

were previously unlabeled. Thirty minutes after injection (Figs. 8, 9, and 
11), silver grains may still be seen over the ergastoplasm of the Nissl sub
stance, but at that time numerous silver grains overlie the vesicles and 
flattened sacs of the Golgi zone. The appearance of radioactivity in the 
Golgi zone indicates that proteins synthesized in the Nissl substance have 
migrated into the Golgi zone and have accumulated there. 

By 4 hours, the axon hillock, which was previously unlabeled, 
becomes radioactive (Fig. 5). Thus, labeled proteins have moved into 
the axon hillock. 

After 24 hours, the label is present in the proximal regions of the axons 
(Fig. 10). Since local synthesis cannot account for the presence of labeled 
proteins within the axon (Figs. 5, 12, and 13), it is concluded that pro
teins synthesized in the nerve cell body have moved into its axon within 
1 day. This finding suggests that the rapidly turning over protein, which 
spends about 1 day in the perikaryon, is a migratory protein. 

The distribution of silver grains over the axons at that time shows 
that only a few grains (6 per cent) seem to be related to mitochondria; 
about 18 per cent are located over the axolemmal membrane, whereas 
most of them (76 per cent) are spread over the axoplasm. From time 
to time, instead of being randomly distributed, the neurotubules and 
neurofilaments are packed in one region of the axon, presumably in the 
course of fixation. The radioautographic reaction shows a clump of silver 
grains superimposed on the packed neurotubules and neurofilaments 
(Fig. 10). This circumstantial evidence would indicate that the labeled 
proteins transported along the axons are mainly related to the neuro
filaments and/or neurotubules. 

As far as the identity of newly synthesized proteins is concerned, we 
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FIGS. 6 and 7. Electron microscope radioautograph of semilunar ganglion of 
40-gm rat 15 minutes after an intraperitoneal injection of 3H-leucine. 

FIG. 6. Glutaraldehyde fixation and O s 0 4 postfixation. Methacrylate-Ilford L4 
emulsion diluted 1/6, developed in Microdol X for 5 minutes. Exposure time: 8 
months. Karnowsky staining. Magnification: 7200 X. The silver grains seen over the 
perikaryon (P ) are mainly distributed over the Nissl substance (NS) . A few grains 
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can only speculate. The presence of enzymatic activities such as 
choline-acetylase specifically found in the axon [18] and, to a lesser 
degree, acetyl cholinesterase, indicates that the enzymes have migrated 
from the nerve cell body, since the axon cannot account for the syn
thesis of such proteins. These enzymes, therefore, would share, at least 
in part, in the axonal migration of protein. 

KINETICS OF THE AXONAL PROTEINS 

Massive migration of proteins was shown to take place in the central 
nervous system, e.g., the hippocampus, cerebellum, medulla oblongata, 
and spinal cord [6] as well as in peripheral nerves and ganglia [5-7, 
27, 31]. In contrast to the structural complexity of the central nervous 
system, the relatively simpler anatomy of peripheral nerves makes it 
possible to trace the movement of the labeled proteins in individual 
axons, with the exclusion of the other nerve components. The reason for 
success may be that after a single injection of 3H-leucine, only a short 
segment of axon is labeled; but after multiple injections (every 3 hours 
over a 24-hour period), the proteins continuously elaborated by the 
nerve cell body label a longer segment of axon. Hence, the probability of 
detecting a labeled axon in nerve cross section is increased and the 
tracing of the label along the nerve is facilitated (Fig. 13). 

Pofority of the Axonal Flow of Proteins 
In the semilunar ganglion, as well as in the spinal ganglia, the axons 

originating from the ganglionic cells show a bifurcation into a "T." 
One branch of the "T" enters the peripheral nerve and terminates 
peripherally as sensory nerve endings; the second one enters the nerve 
roots and reaches the central nervous system, to which it carries sensory 
impulses. This special relation of the nerve cell body to its bipolar axon 
led us to examine whether the polarity of the impulse is related to that 
of the axoplasmic migration. 

Labeled proteins elaborated by ganglionic cells were found to migrate 
both ways, that is, peripherally along the axons of the peripheral nerve 
toward the sensory nerve endings and centrally along the axons of 

may be seen over satellite and Schwann cells. ( S ) . No reaction occurs in the axon 
( A ) . 

FIG. 7. Glutaraldehyde fixation and O s 0 4 postfixation. Methacrylate-Gevaert 
NUC 307 emulsion diluted 1/2, developed in D 19 for 2 minutes. Exposure time: 
12 months. Gelatin was digested in 2 per cent acetic acid. Magnification: 21,600 X. 
Silver grains overlie the ergastoplasm of the Nissl substance (NS) which corresponds 
to the actual sites of protein synthesis. 
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FIG. 8. Electron microscope radioautograph of a semilunar ganglionic cell 30 
minutes after 3H-leucine injection (same technique as Fig. 6 ) . Magnification: 
21,600 X. Note incidentally the reaction over the nucleolus (nl) and chromatin (ch) 
of the nucleus ( N ) . In the perikaryon, silver grains accumulate mainly over the 
vesicles and flattened sacs of the Golgi zone ( G ) as compared with the Nissl sub
stance (NS) . 



FIG. 9. Electron microscope radioautograph of a semilunar ganglionic cell 30 
minutes after ^H-leucine injection (same technique as Fig. 6 ) . Magnification: 
28,800 X. Silver grains overlie the Golgi zone ( G ) . 

FIG. 10. Electron microscope radioautograph of an axon in the semilunar 
ganglion 24 hours after ^H-leucine injection (same technique as Fig. 6) Magnifi
cation: 10,800 X. In the axon (A) , the packed fibrillar material (ntf) , which cor-
responds to the neurofilaments and neurotubules of the axoplasm, is the site of an 
intense radioautographic reaction. The arrow points to a grain which overlies the 
axolemmal membrane. No reaction occurs over the mitochondria ( m ) . Note also 
that the reaction persists over the perikaryon ( P ) of a ganglionic cell and over 
the Schwann cells ( S ) . 



FIGS. 11 and 12. Unstained radioautographs of the spinal cord of 250-gm rats 
after injection of 3H-leucine. 

FIG. 11. The radioautographic reaction, 30 minutes after injection, is intense 
over the nerve cell bodies of motor neurons (M) and spreads over the base of the 
dendrites ( D ) . The neuropile (P) and the white matter (B) show a rather weak 
reaction. No reaction occurs over the axons in the white matter. 

FIG. 12. Twenty four hours after the first of a series of multiple injections 
(every 3 hours over a 24 hour period), the neuropile (P ) shows a strong reaction. 
The motor neurons (M) are still extremely radioactive and the reaction extends 
now over their axons (A) which cross the white matter (B) to reach the ventral 
roots (at the bottom). Thus, proteins synthesized in the nerve cell bodies have 
moved into the axons. From B. Droz and C. P. Leblond, / . Comp. Neurol. 121, 345 
(1963). 
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FIG. 13. Profile of the radioactivity along the maxillary axons of 45 gm rats 
given multiple injections of 3H-leucine (every 3 hours over a 24 hour period) and 
sacrificed 1, 2, 4, 8, and 16 days after the first injection of the series. Radioautographs 
of nerve cross sections were prepared every millimeter along a certain length. Grain 
counts were made over 100 axons contained in the field of an ocular grid placed 
over the center of each nerve section. The average number of grains per axon is 
plotted against the distance in millimeters from the semilunar ganglion. By 1 and 2 
days, the radioactivity is located in the proximal region of the axons, that is close to 
the cell bodies of the ganglionic cells. In the distal region of the axons, the very 
low number of grains corresponds to the axonal background. At 4 days, the radio
activity extends farther. Finally, by 8 and 16 days, the axonal radioactivity returns 
back to a low level in the proximal regions and reaches a high level in the distal 
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the roots toward the central nervous system. Thus, the polarity of the 
axonal flow is independent of that of the nerve influx. In conclusion, the 
axonal migration of protein may be described as cellulifugal. The cell 
body would then act as a dispatching center of axoplasmic protein. 

Velocity of Migration of Axonal Proteins 
The velocity at which the axonal proteins move may be defined as 

the longest distance covered by the radioactive axonal proteins per 
unit of time (Fig. 13). Velocity is expressed in millimeters per day 
(Table II) . 

TABLE II. Velocity of Protein Migration along the Axonsa 

Subjects 

Young (45-gm rats) 
Adult (250-gm rats) 

Maxillary 
nerve [4] 

2.0 
0.9 

Hypoglossal 
nerve [7] 

2.2 
0.6 

Sciatic 
nerve [4] 

2.5* 
0.8 

a Results expressed as millimeters per day. 
& From Rambourg and Droz [27a]. 

Contrary to Weiss and Hiseoe's opinion [35], the velocity of axonal 
protein migration seems to be independent of the length of the nerve 
(compare sciatic with hypoglossal or maxillary nerve). The most im
portant feature to which we would like to draw attention is the difference 
of velocity observed in young and adult animals. The velocity of migra
tion is higher in young growing rats, in which nerves are still increasing 
in length and diameter, than in adult animals. It is suggested that a 
supplement of axoplasmic proteins is required for the growth of the axons 
in young rats. 

Turnover Rates of the Axonal Proteins 
According to a theory proposed by Nadler (quoted by Droz [4]), the 

turnover rate of proteins per axonal cross section was calculated and 
found to be 7.5 and 6 per cent per hour in maxillary axons of 45-gm 
and 250-gm rats, respectively. 

RADIOAUTOGRAPHY AS A TOOL FOR INVESTIGATING THE 
AXONAL MIGRATION OF PROTEINS 

The concept of axonal migration of proteins has been derived from 
experiments in which axoplasmic material dammed up in front of a 
nerve section or constriction [15, 18, 35]. However, in such experiments, 
it is difficult to decide what part is taken by migration or by local synthe
sis in response to the injury. Hence, the conclusions obtained from ex
periments on interrupted neurons cannot be safely extended to intact 
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neurons. The results of previous experiments carried out with labeled 
amino acids suggested a movement of radioactivity along whole nerves, 
that is, including not only axons but also glial or Schwann cells, con
nective tissue cells, and blood vessels [22, 27, 29-34]; however, such 
conclusions could not be confirmed by several authors [2, 17, 20, 25, 28]. 

To provide a decisive demonstration of the axonal flow theory pro
posed by Weiss [34, 35], it is necessary to analyze the movement of 
protein in the axon proper and not in the nerve as a whole. In other 
words, it is important to trace labeled proteins in the axons themselves. 
This goal may be attained by high resolution radioautography not only 
in peripheral nerves but also in the central nervous system [4-7]. 

An axonal migration of proteins will be proved convincingly only 
if the following conditions are demonstrated to be fulfilled: 

(1) The axoplasmic proteins should not be produced in situ. Al
though the Mauthner axons of the goldfish, which contain ribonucleic 
acid (RNA) [10a], seem to be capable of synthesizing proteins [10b], 
the evidence presented here is that such protein synthesis does not take 
place in the axoplasm of the rat. 

(2) The axoplasmic proteins must be elaborated in the nerve cell 
body, then pass to the axon and travel along its length. Since the labeled 
proteins found in axons (Figs. 11-13) are not produced in situ, they may 
come from two possible sources: first, the Schwann or glial cells, which 
encompass each axon; second, the nerve cell body, from which the axon 
originates. 

Let us consider the first possibility. It has been found that proteins 
synthesized in Schwann cells decay at the same rate all along the length 
of peripheral nerves. This means that, if Schwann cells transfer their 
labeled proteins to the axon, they would do it at the same rate all along 
the nerve and, therefore, radioactivity would appear simultaneously in 
proximal as well as in distal regions of the axon. Such is not the case: the 
labeled proteins appear first in the proximal regions of the axons, then 
they reach progressively more distal regions. 

On the other hand, the second possibility, which deals with the pas
sage of labeled proteins from the nerve cell body into its axon, fits the 
experimental data. In neurons, proteins are synthesized in the ergasto-
plasm of the Nissl substance (Figs. 6 and 7) . Contrary to a recent 
misconception [1], the new proteins migrate to and accumulate in the 
Golgi zone (Figs. 8 and 9). Then, labeled proteins invade the axon 
hillock (Fig. 5), enter the axon (Figs. 10 and 12), move along its length 
(Fig. 13), and finally reach the nerve endings such as motor end plates 
[4] and synaptic knobs [4, 7]. 

The kinetic behavior of the newly synthesized proteins draws atten-
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tion to the existence of two classes of protein: first, "migratory" ones, 
which rapidly leave their sites of synthesis in the perikaryon to enter 
the axonal process; second, "sedentary" ones which turn over slowly 
within the cell body (presumably ensuring the renewal of cell or-
ganelles). 

(3) The axonal migration of proteins insures the renewal of the 
axoplasmic proteins. The axoplasmic proteins are continuously catabo-
lized, presumably broken down by the proteolytic enzymes present 
in the central and peripheral nervous system [23, 33]. Since the axon is 
unable to synthesize its own proteins, the axon must receive new proteins 
manufactured by the nerve cell body to compensate for the loss of 
protein. This fact establishes that the axon is dependent on the nerve 
cell body, at least as regards protein metabolism. The integrity of the 
axonal cytoplasm, that is, the continuity, axon-cell body, is required to 
maintain the axon in a normal state; if not, the axon degenerates. 

This feature is the so-called "trophic function" of the nerve cell body. 
The most important role of the nerve cell body is to purvey the axon 
with axoplasmic proteins and thus maintain integrity. In other words, 
at the cellular level, the existence of "migratory" proteins which move 
along the axon may be considered as both the morphological and the 
functional expression of the renewal of the axoplasmic proteins. 

SUMMARY 

After labeled amino acid injection, radioautography shows that the pro
teins newly synthesized in the nerve cell body disappear gradually with 
time. Analysis of the decay curves points to the existence of two classes 
of protein: "sedentary" ones, which turn over in 2 weeks; and "migratory" 
ones, which leave the perikaryon in 1 day. In the neuron, protein synthe
sis is shown to take place in the nerve cell body and not in the axon. 
Proteins newly synthesized in the ergastoplasm of the Nissl substance 
migrate to and pile up in the Golgi zone. Then, labeled proteins enter 
the axon hillock and, later, the axon proper, along which they move 
distally. Most of the labeled proteins found in the axons are related to 
the neurotubules and neurofilaments and, to a lesser degree, to the 
axolemmal membrane. The polarity of the migration may be rated as 
cellulifugal as observed in the "T" branch of the ganglionic axons. The 
velocity of the axonal migration is 0.6-0.9 mm per day in adult and 
2-2.5 mm per day in young growing rats. Since the axon is not capable 
of elaborating its own proteins, the axoplasmic proteins are continuously 
manufactured by the cell body and transported within its axon all along 
its length to compensate for the loss of axonal proteins. This cellulifugal 
migration characterizes the turnover of the axonal proteins. 
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DISCUSSION 

D R . EVERETT: I would like to know if Dr. Droz has noted an accumulation of 
labeled protein at the nerve terminals in relation to synaptic vesicles. 

D R . D R O Z : Yes, I have observed an accumulation of labeled protein in motor 
end-plates of the hypoglossal nerve in young growing rats. Since this observation 
was made with the light microscope, I do not know if this accumulation of label 
is related to the synaptic vesicles. 

D R . REVEL: IS there any label in the smooth endoplasmic reticulum of the axon? 
If the label is over the filaments of the axoplasm, as I understand, where and how 
is it released from the membrane-bounded elements of the Golgi? 

D R . D R O Z : Most of the silver grains appear to be related to the neurotubules 
and neurofilaments of the axoplasm. The presumed release of labeled protein from 
the Golgi zone to these structures was not seen in our radioautographs. 

D R . SALPETER: Are you sure that there is no protein synthesis in the axoplasm? 
D R . DROZ: We believe that there is none. The available evidence is based on 

experiments such as the following: Sections of sciatic nerve were radioautographed 
24 hours after the first of a series of injections of 3H-leucine (total dose: 58 μc/gm 
body weight) . The radioautographs were exposed for 6 months. The number of 
grains per unit area of axon was found to be twice as high as that of the background. 
It is difficult to decide whether this extremely weak reaction over the axons is an 
artifact due to crossfire radiation from the Schwann cells or is the result of a slight 
protein synthesis, possibly in mitochondria. 

D R . LEBLOND: Dr. S. Ochs has some evidence that the migratory protein of axons 
is present in the axonal fluid rather than in organelles. Do enzymes go from the 
perikaryon along the whole length of the nerves? Is not migration too slow to account 
for the passage of enzymes to terminal synapses? 

D R . D R O Z : In the case of the axons of young growing rats, our observations 
suggest that migratory proteins are not diluted in the axoplasmic matrix, but are 
mainly related to neurotubules and neurofilaments. Since no significant protein 
synthesis can be detected in axons, the axonal enzymes are probably manufactured 
in the nerve cell body, then pass into the axon. This interpretation is consistent 
with the damming up of choline acetylase in the proximal stump of a sectioned 
nerve and its disappearance in the distal segments (Hebb, D. O., and Waites, G., 
J. Physiol. 1956, 132, 667) . I stated above that, in the hypoglossal nerve, the accu
mulation of labeled proteins was observed in motor end-plates 16 days after injec
tion of 3H-leucine. This finding would indicate that, if migratory proteins are pro
gressively broken down in the course of their travel along the axon, a substantial 
amount of new protein reaches the nerve endings. 

D R . COIMBRA: Friede demonstrated an accumulation of oxidative enzymes in 
the central stump of ligated nerve (Friede, R., Exptl. Ή enrol. 1959, 1, 441) . Have 
you done this type of experiment with labeled amino acids, in order to have more 
direct evidence of protein migration along the axon? 
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D R . D R O Z : I carried out such experiments combining a constriction of the post-
ganglionic fibers of the superior cervical ganglion and radioautography after admin
istration of labeled amino acids. Unfortunately, under these conditions, it is not 
possible to decide what is due to the local injury and what is due to axonal migra
tion. On the basis of these results, I felt it necessary to seek decisive evidence of 
axonal migration only in intact neurons. 

D R . CARNEIRO: YOU said that the proteins which migrate to the axons are pro
duced in the ergastoplasm, move to the Golgi zone, and from there pass to the axon. 
I wonder whether it is really possible to make such a categorical statement. It is 
possible that some protein by-passed the Golgi apparatus and migrated directly into 
the axon. 

D R . D R O Z : Grain counts have been made at several time intervals from 10 min
utes to 6 hours over the Nissl substance, the Golgi zone, and the neurofilament-
neurotubules of the perikaryon in spinal ganglionic cells. On the basis of this kinetic 
study, it is not possible to decide with certainty whether the Golgi complex is a 
required step in the elaboration of neurofilament-neurotubules. 
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INTRODUCTION 

Adequate approaches to the study of metabolic processes of the organ 
of hearing and the organ of equilibration situated in the bone-protected 
inner ear have been lacking for a long time. However, the development 
of the autoradiographic technique and the introduction of low energy 
ß-emitters such as sulfur 35S, carbon 14C, and tritium 3H have changed 
things a great deal. This is especially true in the study of protein metabo
lism. 

In 1953 Belanger [1, 2, 3] started with his investigations of the inner 
ear by means of 35S-labeled compounds. His experiments encouraged 
us to continue his work by studying protein metabolism of the inner 
ear of guinea pigs, rats, mice, and pigeons [6, 8-13, 16-18, 21, 26]. The 
results of these experiments are summarized in this report. 

METHODS 

Pigeons (5 birds weighing between 165 and 380 gm), male albino 
mice (9 animals between 15 and 20gm), rats (3 animals between 200 
and 217 gm) and guinea pigs (29 animals between 180 and 580 gm) 
received tritiated amino acids3 by intraperitoneal or intravenous injec
tion. Another experiment with 5 guinea pigs was done by feeding 
yeast (Torula torulopsis) which was grown in a medium containing 
35S-sodium sulfate. After sacrifice the animals were dissected with 
isolation of the temporal bones and opening of the bulla tympanica. 
For decalcification the bones were suspended for 1-3 days in a solution 
of hydrochloric acid (17 ml of a 25 per cent solution), A1C13 (14gm), 

1 Supported by grants of the Deutsche Forschungsgemeinschaft. 
2 The authors are greatly indebted to Prof. Dr. W. Maurer for valuable help and 

advice. The experiments were in part performed in the Institut für Med. Isotopen
forschung der Univ. Köln. 

3 The tritiated amino acids were synthesized by Dr. K. Hempel. 
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and formic acid (14 ml of an 85 per cent solution) in 200ml water. Only 
in the case of mice was the whole skull decalcified, so that, after section
ing, the brain and the diflFerent sensory organs appeared in the same, or 
in subsequent, levels. 

Serial paraffin sections (5-7μ) were prepared for autoradiography 
using Kodak AR 10 stripping film and Ilford G5 or K2 liquid emulsions. 
For staining hematoxylin and eosin were used. Quantitative examination 
was done by means of grain counting. In order to compare the results of 
diflFerent experiments with one another, relative values were calculated 
by taking the incorporation rate of the ganglionic cells of the hearing 
organ to be 100 and expressing the remaining tissue grain counts in 
percentages of the incorporation rate of the ganglionic cells. 

RESULTS 

In the first section the pattern of protein synthetic activity within 
the diflFerent structures of the hearing organ of birds and mammals will 
be described. Another section will deal with the organ of equilibration. 
The third section will try to give a synopsis of protein metabolism in 
diflFerent ganglionic cells and in the tissues of sensory organs. 

Although various amino acids (3H-leucine, 3H-lysine, 3H-phenylal-
anine, 3H-tyrosine) were used as precursors, the relative incorporation 
pattern remained nearly unchanged from one animal to another and— 
with certain restrictions—even from one species to another. Similar obser
vations with other organs have been made by Maurer and his col
leagues [14, 15]. Only when thio-amino acids were used, were results 
with tissues rich or lacking in sulfur found to diverge from those ob
tained with sulfur-free amino acids. In the case of the inner ear this is 
true preferably with the epithelium of the limbus spiralis cochleae, which 
is supposed to secrete the matrix of the tectorial membrane. As has al
ready been pointed out by Belanger [1-3], after administration of 35S-
thio-amino acids there is a relative accumulation of 35S activity in that 
area. This is easy to understand, since the tectorial membrane consists 
in part of sulfomucopolysaccharides. 

Protein Synthesis in the Hearing Organ 
Birds. In the outstanding structures of the hearing organ, i.e., in the 

sensory cells, the ganglionic cells, and the secretory epithelium, the rates 
of protein metabolism reveal characteristic differences. 

Figure 1 shows an unstained autoradiograph of a cross section of 
the cochlea of a pigeon, 2 hours after injecting 3H-leucine. The strongest 
incorporation can be seen in the ganglionic cells. The sensory cells have 
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about 50% less incorporation. Nearly in the same range is the turnover 
rate of the secretory epithelium of the tegmentum vasculosum. The tecto-
rial membrane shows only a very slight incorporation of labeled material. 
The relative turnover rates are listed in Table I. 

FIG. 1. Unstained autoradiograph of the hearing organ of a pigeon, 2 hours after 
administration of 3H-leucine. A, tegmentum vasculosum; B, membrana tectoria; C, 
sensory cells and sustaining cells; D, ganglionic cells. Magnification: X 100. 

FIG. 2. Unstained autoradiograph of the second turn of the cochlea of a guinea 
pig, 2 hours after injecting 3H-leucine. A, scala vestibuli; B, Reissner's membrane; 
C, ductus cochlearis; D, Corti's organ; E, scala vestibuli; F , ganglion spirale cochleae; 
G, ligamentum spirale with stria vascularis; H, plexus cochlearis with blood vessels, 
X, mediobasal linings of scala vestibuli. Magnification: χ 60. 



TABLE I. Mean Relative Amino Acid Incorporation Rates of Different Tissues of 
the Hearing Organ of Various Speciesa 

Guinea pig Rat Mouse Pigeon 

Tissues 
3H-Leu- 3H-Ly- SR-Phenyl- SR-Leu-

cine sine alanine cine 
3H-Ly- SH-Phenyl- 3H-Leu- 3H-Leu- 3H-Ly-

sine alanine cine cine sine 

Ganglionic cells 
Plexus cochlearis 
Stria vascularis 
Tegmentum vasculosum 
Connective tissue cell of 

spiral ligament 
Spiral ligament facing scala 

vestibuli and scala 
tympani 

Mediobasal lining of scala 
vestibuli 

Boettcher's cells 
Reissner's membrane 
Epithelium of the limbus 

spiralis 
Membrana tectoria 
Sensory cells (hair cells) 
Sustaining cells 

100 
91 
72 

72 

100 
92 
71 

63 

100 
97 
67 

61 

100 

62 

48 

100 

59 

52 

100 

63 

50 

100 

73 

59 

100 

41 

63 

58 
83 
54 

34 
0 
53 
51 

61 

59 
80 
52 

36 
0 
54 
49 

62 

61 

39 

38 
0 
45 
45 

44 

45 

30 

30 
11 
36 
36 

41 

42 

32 

30 
13 
33 
33 

43 

43 

31 

31 
12 
39 
37 

58 

36 
7 
44 
42 

— 

— 
— 

13 
50 

100 

38 

54 

8 
w el 
o 
> 
Ö 

w 

a The grain density of the ganglionic cells was arbitrarily taken to be 100, this being the standard for comparison. 
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Mammals. The hearing organ of mammals, e.g., of a guinea pig, re
veals a pattern of protein synthetic activity similar to that of the pigeon. 
Figure 2 shows an unstained autoradiograph of the second turn of the 
cochlea from a guinea pig, 2 hours after injecting 3H-leucine. Again the 
ganglionic cells have the highest rate of protein turnover, whereas the 
vascular stria has about 70 per cent, and the sensory cells have only 
about 40-50 per cent of the activity of the ganglionic cells. The relative 
turnover rates of the different tissues of the inner ear of guinea pigs, 
rats, and mice are listed in Table I. 

The ganglionic cells of the spiral ganglion are rather uniform with 
respect to their size and—at least at first sight—to their autoradiographic 
grain density. Grain counting reveals that there are, indeed, only small 
variations between neighboring cells of one turn; however, there are con
siderable differences between cells of different turns. 

TABLE II. Protein Turnover of Ganglionic Cells of the Ganglion Spirale Cochleae, 
in Normal and Noise-Exposed Guinea Pigs Labeled with SH-Phenylalanine 

Guinea pig 

Expt. no. 19, 
Turn I 
Turn II 
Turn III 
Turn IV 

Expt. no. 24, 
Turn I 
Turn II 
Turn III 
Turn IV 

Mean 
grain no. 
per total 
cell area 

normal 
32.33 
23.90 
25.86 
26.30 

noise 
38.69 
41.20 
40.43 
42.43 

Mean 
cell area 

(μ 2 ) 

103.30 
90.25 
96.83 

105.41 

90.0 
82.84 
77.83 
92.64 

Mean 
grain density 

0.34 
0.28 
0.29 
0.26 

0.45 
0.53 
0.55 
0.51 

Mean 
approximate 

protein turnover 
per total 

cell volume 

284 
188 
220 
220 

302 
316 
309 
367 

Table II contains the results of grain counting over comparable areas 
of the ganglionic cells of the four turns. The animal for which values 
are given in the upper part of Table II is representative of a series of 
6 animals. It may be seen that the incorporation of 3H-phenylalanine is 
highest in the ganglionic cells of the basal turn and decreases gradually 
toward the apical turn. 

When animals are exposed to moderate noise the incorporation be
havior changes slightly. The lower part of Table II contains the rates of 
protein synthesis of the ganglionic cells of the different turns from one 
animal of a series being exposed to a broad spectrum noise of 90 decibels 
for 48 hours. All animals, normal as well as noise-exposed, were sacri-
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ficed 1 hour after administration of 3H-phenylalanine. Contrary to normal 
animals, after exposure to noise the incorporation rate of the ganglionic 
cells does not decrease toward the apical turn. Moreover, when liver is 
taken as a standard for comparison, the ganglionic cells seem to reveal 
a slight general increase in their protein synthetic activity shortly after 
prolonged exposure to noise, thus suggesting that noise of moderate 
intensity might give rise to an enhanced consumption of cellular protein. 

The receptors of acoustic stimulation are localized in the organ of 
Corti. Figure 3 shows a stained autoradiograph of the organ of Corti 

FIG. 3. Autoradiograph of the organ of Corti of a guinea pig, basal turn, 2 hours 
after injecting 3H-leucine. Hematoxylin and eosin stain. Magnification: X 500. 

of the basal turn of a guinea pig, 2 hours after injecting 3H-leucine. 
There is no difference in the grain density between the sustaining cells 
and the hair cells. Even after exposure to noise there is no change. How
ever, after prolonged administration of streptomycin the turnover rate 
of the organ of Corti is reduced, whereas for the ganglionic cells it 
remains unchanged [22]. 

The very dark stained basophilic cell layer underneath the cells of 
Deiters, i.e., the cells of Boettcher, were always found to incorporate 
protein precursors at a high rate. The strong basophilia indicating a 
large content of ribonucleic acid (RNA) and the pronounced protein 
synthetic activity of these cells are all the more interesting since nothing 
is known concerning their function. 
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In the upper right part of Fig. 2 there is another strongly labeled 
tissue with unknown function. It always accompanies the vessels of the 
tractus spiralis arteriosus et venosus within the modiolus. Examined with 
higher magnification, this tissue looks exactly like the plexus chorioideus 
of the brain or like the ciliary body of the eye. In addition to the mor
phological resemblance the rates of protein synthesis of the tissues in 

FIG. 4. Autoradiograph of the spiral ligament of a guinea pig, 2 hours after 
injecting 3H-leucine. A, endolymphatic space; B, ligamentum spirale; C, stria vas
cularis; D, labyrinthine bone. Hematoxylin and eosin stain. Magnification: χ 300. 

question are very similar. We therefore decided to call this tissue plexus 
cochlearis. 

Another important structure of the cochlea is the spiral ligament 
with the stria vascularis. Figure 4 shows a stained autoradiograph of 
the spiral ligament of a normal guinea pig, 2 hours after injecting 3H-
leucine. The epithelium of the stria vascularis, which is lining the endo
lymphatic space, has a very high rate of protein turnover. The connective 



184 E. KOBURG AND K. H E M P E L 

tissue cells in the spiral ligament have only a slightly lower rate. The 
epithelium of the stria vascularis is supposed by the majority of investi
gators, to be involved in the production of endolymph. Nothing particular 
is known regarding the function of the large connective tissue cells in 
the spiral ligament. 

In our autoradiographs the area of tissue lining the scala vestibuli 
between the lateral wall of the modiolus and the spiral limbus (marked 
by X in Fig. 2) was always strongly blackened. The amino acid incor
poration was of the same order as that of the connective tissue cells of 
the spiral ligament and only slightly below that of the stria vascularis. 

In one series of experiments the perilymph of the scala vestibuli and 
in another series the perilymph and the endolymph were continuously 
removed by puncturing the spaces, making tiny drill holes into the lateral 
wall of the cochlea, and sucking off the liquid with small glass capil
laries. After about 20 minutes the flow came to a standstill, obviously 
due to exhaustion. At this moment 3H-tyrosine was injected. The animals 
were sacrificed after 1 hour. For control the untouched contralateral 
cochlea was also prepared. Both the control and the drained cochlea 
were sectioned, mounted, and autoradiographed together. In both groups, 
that with only the perilymph and that with the perilymph plus the 
endolymph being drained, the incorporation of tyrosine was increased 
in the stria vascularis, the spiral ligament lining the scala vestibuli, the 
mediobasal lining of the scala vestibuli (see X in Fig. 2), and—surpris
ingly—in the plexus-like formation within the modiolus, the plexus 
cochlearis. Although this change in the rate of incorporation might above 
all be merely a response to injury, it is interesting that only those tissues 
which are supposed to be concerned with the production of inner ear 
liquids show an increased incorporation. However, more information 
will be necessary to cast more light on the still obscure problem of 
inner ear liquid production. 

Protein Synthesis in the Equilibration Organ 
Pigeon. The equilibration organ of the pigeon presents some peculiari

ties. Although the maculae staticae (Fig. 5A) can be found in the same 
position and the same configuration as in mammals, there are two dif
ferent types of cristae in birds. The one (Fig. 5B) in the ampulla of the 
external or horizontal semicircular canal is the same in appearance as it 

FIG. 5. Unstained autoradiographs of the equilibration organ of the pigeon, 2 
hours after injecting 3H-leucine. A, macula sacculi; B, crista in the external ampulla; 
C, crista in the posterior ampulla with septum cruciatum (s) on either side. The 
planum semilunatum (p ) has nonsensory epithelium. Magnification: X 90. 
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is in mammals. The crista in the ampulla of the posterior semicircular 
canal has a large area covered with sensory cells, which, as Fig. 5C 
shows, is divided into three parts by a septum cruciatum on either side. 
This septum cruciatum bears nonsensory epithelium. The second peculi
arity is that opposite to the cristae there is another area covered with 
sensory epithelium. 

Two hours after injecting 3H-leucine or 3H-lysine, the incorporation 
of labeled material is highest within the nonsensory epithelium of the 
planum semilunatum, and within those nonsensory epithelia adjacent 
to the sensory epithelium opposite to the cristae. Even the epithelium 
of the septa cruciata reveals a slightly higher protein turnover rate than 
does the sensory epithelium. Within the sensory epithelium itself (Fig. 
6), there are more grains above the sustaining cells than above the hair 
cells. Toward the endolymphatic space there are many dot-like struc
tures covered with grains. Some of these may be protruding processes 
of sustaining cells [4], but the most remote ones, especially in the left 
part of Fig. 6A (macula), correspond to the organic matrix of the stato-
liths. 

Mammals. With the exception of those anatomical peculiarities of 
the organ of equilibration in birds, mammals have generally the same 
incorporation pattern of protein precursors within the vestibular organ. 

The epithelium of the planum semilunatum has a slightly higher pro
tein turnover than have the sensory cells. This has been pointed out by 
Schreiner [24], who studied the guinea pig's equilibration organ. Table 
III gives a comparison of relative protein turnover rates of hearing and 
equilibration organs in pigeons, guinea pigs, and mice. The relative 
turnover rate in the epithelium of the planum semilunatum is approxi
mately the same as that in the epithelium of the stria vascularis, thus 
suggesting that those structures might have a similar function. Such an 
observation is in good accord with the results of electron microscope 
studies which show that both epithelia have an ultrastructure very closely 
related to each other and indicate that both might have a secretory 
function. 

In contrast with the pigeon, there is no significant difference in 
grain density between the sensory cells and the sustaining cells, but 
again labeled material was found in the organic matrices lying above 
the sensory epithelia. Figure 7A demonstrates that even 1 hour after giving 
3H-phenylalanine many grains, the number of which is distinctly above 
the background, can be found over the matrix of the cupula. It is inter
esting to see that in the same animals no grains could be detected above 
the tectorial membrane of the cochlea. 
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FIG. 6. Sensory epithelium with sustaining cells of a pigeon's equilibration 
organ, 2 hours after injecting 3H-leucine. A, macula statica; B, area of crista ampul-
laris corresponding to that of Fig. 5C marked by a rectangle. The upper left of Fig. 
6B shows nonsensory epithelium of the septum cruciatum. Hematoxylin and eosin 
stain. Magnification: χ 400. 
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Comparison of Protein Metabolism in the Inner Ear with That 
in Different Sensory Organs and Ganglionic Cells 

The relative protein turnover rates presented in Table III reveal that 
in mammals there is no significant difference in the protein synthetic 
activity between the hearing and the equilibration organs. Only the 

TABLE III. Protein Turnover of the Inner Ear (Equilibration and Hearing) of 
Pigeon, Guinea Pig, and Mouse 

Organ, tissue 

Equilibration organ 
Ganglion vestibulare 
Epithelium, planum 

semilunatum 
Crista ampullaris 

Hair cells 
Sustaining cells 
Epithelium, septum 

cruciatum 
Cupula 

Maculae staticae 
Hair cells 
Sustaining cells 
Statolith membrane 

Hearing organ 
Ganglionic cells 
Stria vascularis 
Tegmentum 

vasculosum 
Reissner's membrane 
Hair cells 
Sustaining cells 
Membrana tectoria 

Pig; 
Grains 

per 
1440 μ2 

726 

607 

448 
536 

568 
363 

453 
504 
285 

522 
— 

222 
— 

269 
246 

78 

son 

Relative 
turnover 

rate 

139 

116 

86 
103 

109 
69 

87 
98 
54 

100 
— 

42 
— 
51 
47 
15 

Guinea 

Grains 
per 

1440 μ2 

1623 

627 

594 
607 

529 

590 
595 
542 

1299 
873 

511 
582 
582 

0 

pig 
Relative 
turnover 

rate 

125 

48 

46 
47 

41 

46 
46 
42 

100 
67 

39 
45 
45 

0 

M( 

Grains 
per 

1440 μ2 

1032 

406 

391 

— 

389 
— 

782 
571 

448 
405 
403 

0 

3use 

Relative 
turnover 

rate 

132 

52 

50 

— 

50 

— 

100 
73 

57 
52 
52 

0 

ganglionic cells of the ganglion vestibulare are relatively more active. 
In pigeons, however, the ganglionic cells not only have different meta
bolic rates, but there is a striking difference between the two organs, 
with the equilibration organ by far surpassing the hearing organ. Perhaps 
this difference reflects the situation of a flying bird, which obviously 
must rely much more upon its equilibration organ than quadruped mam
mals. 

The differences in protein metabolism between neighboring, but 
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functionally unequal, ganglionic cells such as presented in Fig. 8 and 
between the two parts of the inner ear (Table III) gave rise to a more 
detailed study in order to compare the protein synthetic activity of 
various types of ganglionic cells and of sensory organs. In a qualitative 

FIG. 7. Autoradiographs of the crista ampullaris of a guinea pig, 1 hour after 
injecting 3H-phenylalanine. A, crista ampullaris with labeled material in the cupula; 
magnification: χ 400. B, sensory epithelium of the crista ampullaris. Hematoxylin 
and eosin stain. Magnification: χ 1000. 

way such studies have been done already [5, 7, 19, 20, 25]. The present 
report gives a more quantitative evaluation. 

A synopsis of 8 types of ganglionic cells of both brain and sensory 
organs from a mouse, 20 minutes after injecting 3H-leucine is given in 
Fig. 9. The photographs are made of the same autoradiograph with the 
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FIG. 8. Unstained autoradiograph of the labyrinth of a pigeon, 2 hours after injecting 3H-leucine. 
A, ganglion geniculi N. VII; B, ganglion cochleare N. VIII; C, ganglion vestibulare N. VIII. Magnifi
cation: X 50. 

o 
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same magnification, so that the grain density and the size of the cells 
are directly comparable. It is easy to see that there are big variations 
in the grain density, i.e., in protein turnover per unit volume, and in 
cellular size. 

In ganglionic cells—whose function is in some respects more indi
vidual than that of, e.g., a liver cell—it should be of interest to have 
an estimate of the metabolic rate not only per unit volume, but per total 
cell volume. The total volume of ganglionic cells can be estimated 
roughly from the diameters, and by multiplying that volume by the rate 
of protein metabolism per unit volume as revealed by grain counting, 
one gets an impression of the wide range of variation in cellular function 
among different ganglionic cells. The results of such an estimation are 
listed in Table IV. 

TABLE IV. Protein Turnover of Various Ganglionic Cells of the Mouse, 
with 3H-Leucine Labeling 

Cell 
Cerebellum, 

granular cells 
Cerebellum, 

Purkinje cells 
Ganglion retinae 
Olfactory lobe, 

mitral cells 
Ganglion spirale 

cochleae 
Ganglion vestibulare 
Ganglion gasseri N. V j 
Ganglion geniculi N. VII j 

Mean 
cell area 
sectioned 

(μ 2 ) 

12.8 

96.2 
38.6 

128.5 

59.9 
97.5 

288.0 

Relative amino acid 
incorporation per 

unit volume 

= 1 

1.8 
1.3 

1.2 

1.2 
1.6 

2.0 

Mean 
protein turnov 

per total 
cell volume 

= 1 

38 
7 

46 

13 
31 

243 

There is another point of view of interest. As was already mentioned, 
the ganglionic cells of the spiral ganglion are rather uniform in cellular 
size and rate of cellular protein synthesis, with only a relatively small 
range of variation according to changes in functional activity (see Table 
I I ) . Other ganglia, however, reveal considerable differences in cellular 
size as well as in the degree of basophilia and the grain density, i.e., 
the protein turnover rates. This is shown in Fig. 10A, which shows an 
autoradiograph of the ganglion semilunare N. V from a mouse, 20 min
utes after injecting 3H-leucine. Figure 10B is an autoradiograph of the 
ganglion vestibulare N. VIII from a guinea pig, 1 hour after injecting 
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FIG. 9. Various ganglionic cells of a mouse, 20 minutes after injecting 3H-leucine. A, retina; B, mitral cells of the 
olfactory lobe; C? Purkinje cells of cerebellum; D, hippocampus; E, ganglion geniculi N. VII; F, nucleus terminalis dors. 
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N. VIII; G, ganglion vestibulare; H, ganglion spirale cochleae. Hematoxylin and eosin stain. All photographs were taken 
from the same autoradiograph with the same magnification ( χ 750). 
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3H-phenylalanine. In Fig. 10A especially there are big variations in 
cellular activity as revealed by cytoplasmic basophilia and nucleolar 
protein synthesis. Nucleolar protein synthesis only occurs in cells which 
are very active in protein synthesis [5, 10, 27]. Distinct protein synthesis 
within the nucleolus of a ganglionic cell of the ganglion geniculi N. VII 
is visualized in Fig. IOC. 

TABLE V. Protein Turnover of Sensory Organs of the Mouse, Labeled 
with 3H-Leucine 

Organ, tissue 

Eye 
Retina, ganglionic cells 
Retina, granule cells 
Corpus ciliare 

Olfactory organ 
Olfactory lobe: 

Mitral cells 
Granule cells 
Glomerula olfactoria 

Nose, olfactory epithelium 

Hearing organ 
Ganglion spirale cochleae 
Sensory cells, Corti 
Stria vascularis 
Reissner's membrane 

Equilibration organ 
Ganglion vestibulare 
Sensory epithelium 

Crista ampullaris 
Maculae 

Total 
grain 

number 

2306 
1855 
1745 

2457 
1975 
1783 
1950 

2216 
390 
537 
432 

2962 

178 
403 

Total 
tissue 
area 
(μ 2 ) 

5040 
5040 
5040 

5040 
5040 
5040 
5040 

5040 
1680 
1680 
1680 

5040 

800 
1920 

Mean 
grain 

density 

0.45 
0.36 
0.34 

0.48 
0.39 
0.35 
0.38 

0.44 
0.23 
0.32 
0.25 

0.58 

0.22 
0.22 

Mean/Relative 
prot< 3in turnover 
(ganglion spirale 
cochleae = 100) 

102 
82 
77 

109 
88 
79 
86 

100 
52 
73 
57 

132 

50 
50 

Table V contains a synopsis of relative amino acid incorporation rates 
per unit volume, which yield a comparison of protein turnover within 
the structures of sensory organs, i.e., of the eye, ear, and nose. Concerning 
the metabolic rates of the organ of Corti, it must be borne in mind that 

FIG. 10. Autoradiographs of ganglionic cells. A, ganglion semilunare N. V, 
mouse, 3H-leucine, with different stages of functional activity; χ 750. B, ganglion 
vestibulare, guinea pig, 3H-phenylalanine; χ 750. C, ganglion geniculi N. VII, rat, 
3H-phenylalanine; X 1250. 
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this tissue is only nourished by diffusion. As a result the availability of 
injected labeled material in the organ of Corti is delayed and reduced 
[17]. So the values given for the organ of Corti should be corrected for 
this delay in availability by a certain percentage. Nevertheless, there 
will remain differences in the rate of protein turnover from one sensory 
organ to another. 

The question whether a classification depending on the intensity of 
protein metabolism, such as intended for the inner ear and some nervous 
tissues in this report, yields information concerning the function and the 
limits of functional capacity under normal and pathological conditions 
is tempting, but cannot yet be decided. In order to answer this question, 
further investigation in this promising field will be necessary. 

SUMMARY 

The pattern of protein synthetic activity within the structures of the 
inner ear—hearing and equilibration organ—is demonstrated by means of 
autoradiography with labeled protein precursors. The ganglionic cells 
appeared to have the highest rate of protein metabolism, while sensory 
epithelia have only a moderate turnover. Similar results could be ob
tained with other sensory organs, i.e., with the eye and the olfactory 
organ. In a synopsis the turnover rates of sensory organs and of different 
ganglionic cells were compared. 
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DISCUSSION 

D R . D R O Z : By radioautography it has been shown that the visual cells of rats 
and mice are the site of a continuous synthesis of protein (Nover, A., and Schultze, 
B., / . Graefes. Archiv. Ophthalmol. 1960, 161, 554) . We have further observed 
that the synthesis of protein takes place in the inner segment of the rod and that, 
with the passage of time, the newly formed proteins migrate toward and into the 
outer segment (Droz, B., Anat. Record 1963, 145, 157; Droz, B., Rambourg, A., 
and Olivier, L., Compt. Rend. Soc. Biol. 1963, 157, 2136). 

The incorporation of labeled amino acids into the proteins of the retina may 
be modified by stimulation. Comparison of radioautographs of the retinae of mice 
maintained in darkness with others stimulated by light flashes reveals that the incor
poration of 35S-methionine decreases by about 42 per cent in the inner segment 
after light stimulation. A slight decrease is also observed in the bipolar and gan-
glionic cells of the retina. Since the permeability of the cell membrane changes 
in the course of stimulation, it is difficult to decide whether this phenomenon is 
related to a decrease in protein synthesis, or to a decrease in the uptake of free 
labeled precursor. 

D R . KOBURG: I am not quite sure whether your flashes of light did not act upon 
the ribonucleic acid (RNA) in a direct way. Can repeated flashes be considered 
as a physiological stimulus? In our case, the intensity of noise to which the animals 
were exposed was still in the range that can be tolerated. If you expose animals to 
shock waves or other kinds of acoustic trauma, there seems to be a complete break
down of RNA synthesis and protein synthesis (Humberger and Hyden, Ada Oto-
laryngol. 1945, 61, and others). 

D R . BELANGER: Since the cells in the limbus spiralis reach peak labeling at 1-2 
hours after injection of a radioactive amino acid, whereas the cells of the tectorial 
membrane reach peak labeling at 1-4 days, it may be that labeled material synthe
sized in the cells of the limbus spiralis migrates slowly into the tectorial membrane. 

D R . KOBURG: In some recent experiments with 35-S thioamino acids, we saw 
the distribution which Dr. Belanger just described, i.e., labeling of the epithelial 
cells of the limbus spiralis after 1 hour and migration of label after longer periods 
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into the tectorial membrane. However, the differences found when comparing the 
incorporation of tritiated amino acids into the tectorial membrane and into the 
cupules may be influenced by differences in the composition of these structures and 
in the availability of precursor. 

D R . TONNA: Might not some of the differences you obtained when comparing 
the protein-synthetic activity of similar organs in different animal species reflect 
differences in age? 

D R . KOBURG: I do not believe that the variations between the different animals 
and species are caused by differences in age. We always used rather young animals, 
which had reached puberty but were still growing. The weight ranged between 
250 and 300 gm for guinea pigs, between 150 and 200 gm for rats, and between 
15 and 20 gm for mice. 

D R . P E L C : There was a paper by Dohlman and Ormerod* on this subject. What 
is your opinion? 

D R . KOBURG: I remember this paper of Dohlman and Ormerod. After adminis
tration of 35S-sulfate they saw the radioactivity appear first in the secretory epi
thelium and later in the cupula, the otolith membranes, and the tectorial membrane. 
At that time, radioactivity was no longer to be seen in the secretory epithelium. 
No radioactivity appeared in the sensory epithelium. The authors took these results 
as indicating the pathways of secretion of endolymph. 

* Dohlman, G., and Ormerod, F. C , Acta Oto-Laryngol. 51, 435 (1960) . 
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INTRODUCTION 

Although taking its embryonic origin in ectoderm, the organic matrix of 
dental enamel acquires and maintains a mineral phase which is qualita
tively similar to that occurring in the mesodermally derived organic 
matrix of dentin. It has been demonstrated repeatedly that, as in bone, 
the bulk of dentin matrix is composed of the fibrous protein, collagen. 
Analyses of enamel matrix, on the other hand, indicate that while it too 
is fundamentally proteinaceous, it contains little if any collagen. On on-
togenetic and chemical grounds, therefore, the ability of enamel matrix 
to mineralize presents a biological paradox, the resolution of which has 
become the subject of increasing experimental interest. 

Attempts to elucidate a mineralizing mechanism common to both 
matrices have thus far been unsuccessful, partly because of technical 
difficulties associated with isolation and chemical analysis of the highly 
mineralized organic substrate of enamel. Another inhibiting factor has 
been the relative paucity of information regarding metabolic activity 
in enamel matrix, both during and following its mineralization. 

Of the techniques available for investigation of matrix chemistry and 
metabolism, perhaps none possesses so much potential as autoradiog
raphy. The report which follows will serve to review and interpret cer
tain aspects of protein synthesis in dentin and enamel matrices which 
have been demonstrated by autoradiography. New findings based on the 
application of tritiated amino acid precursors are reported, including 
quantitative observations involving grain counting techniques. The latter 
provide data regarding the respective amino acid compositions of rapidly 
growing enamel and dentin matrices, as well as some preliminary infor
mation regarding the rates at which individual amino acids are utilized 
in their formation. 

1 This investigation was supported by research grant GM-09748 and by training 
grant Tl-DE 89-01, National Institutes of Health, U.S. Public Health Service. 
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THE TOOTH AS AN EXPERIMENTAL OBJECT 
Histology of the Rodent Tooth 

As in man, tooth formation in the rodent is largely a postnatal event. 
Consequently, events relating to the formation of the matrices of dentin 
and enamel can be observed for several weeks following birth. During 
odontogenesis, the enamel matrix arises as a secretion from a single layer 
of epithelial cells, the ameloblasts, while dentin matrix is secreted by a 
layer of differentiated mesenchymal cells, the odontoblasts. Initially, the 
odontoblastic layer lies in close approximation to the ameloblastic layer, 
but as dentin and enamel matrices are elaborated between them, the cell 

FIG. 1. Longitudinal (mesiodistal) section through the coronal portion of a 
molar cusp of a 6-day-old rat. The rectangular region illustrates the region examined 
autoradiographically in this study. Abbreviations: (a ) ameloblast, (e) enamel, ( d ) 
dentin, (o) odontoblast; the arrow indicates the line of demarcation between preden-
tin and dentin. Magnification: X 150. 
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elements become progressively separated. Such is the situation illustrated 
in Fig. 1, which demonstrates a cusp from a rapidly growing rat molar 
6 days after birth, by which time discrete layers of enamel and dentin 
matrix are present. An area typical of that used in the course of the 
observations reported below is outlined in the illustration. The section 
is from a decalcified jaw, and so portrays the organic matrices of dentin 
and enamel (d, e, Fig. 1), as well as the morphology of the cells respon
sible for their formation (o, a ) . In the living state, the dentin and enamel 
matrices are heavily impregnated with mineral. Characteristically, how
ever, a layer of nonmineralizing predentin (Fig. 1, arrow) is interposed 
between the odontoblasts and the dentin matrix proper. 

Until very recently, it was thought that the mineral component of 
enamel was deposited intracellularly, concomitant to transformation of 
the apical cytoplasm of the ameloblast which rendered it calcifiable. Elec
tron microscope demonstration [21] of a tortuous but intact plasma 
membrane interposed between the active ameloblast and the mineralizing 
enamel has served to discredit this long-held histological view. More 
significantly, it has served to place the process of enamel formation within 
a physiological framework analogous to that of dentin formation, i.e., 
specific accumulation of mineral salts within a preformed extracellular 
organic matrix, comprised principally of fibrous protein. 

The uniqueness of the association between dentin and enamel matri
ces is also worthy of note. As far as we are aware, there is no other site 
in the body where one can encounter, in such quantity and intimate 
association, two embryologically and chemically disparate extracellular 
protein substrates. The extent to which autoradiographic observations 
have served in the past to provide information regarding their similarities 
and differences will now be reviewed briefly. 

Early Studies of Matrix Formation by Autoradiography 
Labeled organic constituents were first identified autoradiographically 

in the dentin and enamel of demineralized tooth sections following in
troduction of carbon-14 in the form of bicarbonate ion [9]. Figure 2 illus
trates a typical autoradiograph obtained in the course of this early study. 
Inadequate histological preservation precluded any detailed study of the 
fate of 14C-labeling in enamel matrix. However, it was suggested that the 
14C in dentin matrix had been incorporated into collagen [10]. Essentially 
similar organic labeling was also described in the growing tooth fol
lowing administration of 35S-sulfate, the uptake of which was ascribed to 
sulfated mucopolysaccharide synthesis [1]. 

With the development of labeled precursors possessing greater chem
ical specificity, these initial observations concerning the formation of 
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organic matrices were expanded and refined. Thus, precursors such as 
35S-methionine [2, 16], 35S-cystine [2], 14C-labeled hexoses [14], and 3H-
glycine [3] were utilized for studies of organic synthesis in the growing 
tooth. Comparison of the results from these and more recent studies 
reveals that the distribution of autoradiographic reactions in growing 
dentin and enamel matrices follows a generally similar pattern, irre
spective of the isotopic precursor applied. This pattern will be described 
in detail below. 

FIG. 2. Autoradiograph of tooth from newborn rat sacrificed 4 hours after 
administration of 1 4C in the form of bicarbonate ion [9]. Autoradiographic reactions 
are localized over the predentin layer ( d ) and the tips of the odontoblasts ( o ) . The 
thin layer of enamel matrix (e ) present at this time is also seen with reaction, as 
is the ameloblastic cytoplasm ( a ) . Magnification: X 360. 

Since the present report is concerned with the behavior of amino acid 
precursors, final mention should be made of the reliability of the auto
radiographic technique for demonstrating protein synthesis in the tooth. 
This was previously tested [13] in the rodent tooth, using methionine 
labeled in different positions with 14C, 35S, or 3H. The results clearly 
demonstrated that, irrespective of label, the sites of initial incorporation 
and subsequent distribution were essentially identical. Consequently, 
it is assumed that sites of incorporation of tritiated amino acids observed 
autoradiographically in the present study accurately portray protein 
synthesis in the odontogenic apparatus. 
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UTILIZATION OF TRITIATED AMINO ACIDS IN MATRIX FORMATION 

Materials and Methods 

Qualitative and quantitative observations have been made on the 
distribution of twelve tritiated amino acids. Each was administered as 
a single intraperitoneal injection to Long-Evans rats at 6 days of age. 
The doses ranged from 25 to 100 μο (Table I) and the animals were 

TABLE I. Tritiated Amino Acids: Type, Specific Activity, Dosage, and Auto-
radiographic Exposures Used in Studies of Amino Acid Utilization 

during Odontogenesis 

Amino acid 

2,3-3H-L-Alanine 
3H-L-Arginine 
3H-Glycine 
3H-DL-Histidine 
3H-DL-Isoleucine 
3H-L-Leucine 
Methyl-3H-L-Methionine 
2,3-3H-L-Phenylalanine 
3,4-3H-L-Proline 
3-3H-DL-Serine 
3H-DL-Tyrosine 
2,3-3H-DL-Valine 

Specific activity 
(mc /mM) 

100 
200 
194 

34 
100 

65 
10 

200 
50 
10 
55 

460 

Dose 
(μο) 

100 
50 
50 
50 

100 
100 

50 
50 
25 

100 
50 

100 

Exposure time 
(days) 

15 
43 

7 
15 
15 

7 
7 

15 
15 
15 
15 
15 

sacrificed at intervals ranging from 15 minutes to 24 hours following 
injection. Mandibles and maxillae were removed immediately after sacri
fice, stripped of most adherent soft tissue, and were fixed in Holländers 
solution. Fixation was followed by demineralization in 18.5% aqueous 
Versene (sodium ethylenediaminetetraacetate), buffered to pH 7.0 with 
1 N HC1. The decalcified tissues were then embedded in nitrocellulose-
paraffin and mesiodistal sections were cut at 5 u. Replicate samples were 
left unstained or were stained by the periodic acid-Schiff (PAS) tech
nique prior to autoradiography. 

Autoradiographs were prepared by the dipping technique [17] using 
Eastman Kodak NTB2 emulsion, and were developed after exposures 
ranging from 7 to 43 days. After photographic fixation and washing, the 
PAS-stained specimens were counterstained with Harris' hematoxylin, 
while the unstained preparations were stained with Harris' hematox
ylin and eosin B. 

The developmental status of a rat tooth (or one of its individual 
cusps) is closely correlated with the postnatal age of the animal [11]. 
Hence, in undertaking both qualitative and quantitative observations, 



FIGS. 3-6. Autoradiographs demonstrating 3H-proline uptake in enamel and 
dentin matrices of rat molar cusps (labeled as in Fig. 1 ) . Magnification: χ 340. 

Thirty minutes after administration of the label (Fig. 3 ) , the reaction is seen 
over the cytoplasm of the ameloblasts and odontoblasts, extending slightly into the 
adjacent matrices. 
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attention was restricted to the mesial cusp of the second molar, partic
ularly to the region outlined in Fig. 1. 

Qualitative Observations 
The processes of incorporation and translocation of labeled matrical 

proteins are best exemplified by autoradiographs of teeth from animals 
given tritiated amino acids, since the low energy of the tritium ß-particle 
lends itself to high resolution. The qualitative aspects of 3H-proline dis
tribution in the rat molar during the first 24 hours after administration 
are illustrated in Figs. 3-6. 

Thirty minutes after injection (Fig. 3) , the radioautographic reaction 
in the dentinogenic system is restricted to the cytoplasm of the odonto-
blasts, as well as to the extracellular predentin matrix immediately ad
jacent to it. With increasing time intervals following isotope administra
tion, the bulk of the reaction is seen to be displaced from the cytoplasm 
into the predentin matrix. At 1 and 5 hours (Figs. 4 and 5), a distinct 
band of radioactive material may be visualized in the predentin layer. 
During the interval from 5 to 24 hours, displacement of this band con
tinues, such that by 24 hours the band lies in the dentin matrix immedi
ately distal to the predentin layer (Fig. 6). 

The pattern of 3H-proline uptake in dentin matrix confirms, in every 
respect, those observations made with the wide variety of isotopic pre
cursors mentioned previously. Chemically, the labeled matrix component 
is presumed to be collagen, which was being formed in the odontoblastic 
cytoplasm at the time of 3H-proline administration. During the succeed
ing 24 hours, as the level of circulating radioactive precursor decreased, 
collagen synthesis continued, but its labeling proportionately diminished. 
Since dentin formation occurs in an appositional manner, a discrete layer 
of labeled collagen was deposited in the predentin, and subsequently 
was displaced away from the odontoblasts as new unlabeled matrix col
lagen was formed behind it. Dentin matrix already present at the time of 
injection did not become labeled. 

Initial 3H-proline localization in the amelogenic system was also cel
lular, and by 30 minutes (Fig. 3) labeled material was particularly 

One hour after administration (Fig. 4 ) , the reaction over the intracellular regions 
is considerably reduced whereas that in the predentin and enamel matrix regions is 
more intense. 

At 5 (Fig. 5) and 25 hours (Fig. 6) after administration of labeled material, 
little or no reactivity is discernible intracellularly. The label appears to diffuse 
throughout the enamel matrix, whereas in dentin it appears as a discrete band 
adjacent to the predentin-dentin junction. 
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prominent over the apical cytoplasm of the ameloblasts and the adjacent 
enamel matrix. Examination of the autoradiographs at serial time inter
vals thereafter revealed that, unlike dentin, the newly synthesized mate
rial was not transferred to the matrix as a reaction band. Instead, all the 
enamel matrix, including that already present at the time of injection, 
gradually accumulated labeled components (Figs. 4-6). This pattern has 
previously been described for 3H-glycine [22] and 3H-histidine [12], 
and has been termed "diffusive" to distinguish it from the discrete "band-
like" reaction in dentin [22]. A comparable translocation of 14C-bicar-
bonate and of 35S-sulfate in enamel matrix had also been suggested pre
viously [15], although on the basis of inadequately preserved material. 

The patterns of incorporation and translocation of the remaining 3H-
amino acid precursors used in the present study were examined in opti
mally exposed autoradiographs (Table I ) , and were generally similar to 
3H-proline. Thus, initial cellular accumulation was soon followed by 
transfer of labeled material into the respective matrices. The ultimate 
pattern of matrix reaction was bandlike in the dentin and diffuse in the 
enamel, irrespective of the precursor applied. Since the bulk of radio
active material appeared to be localized in the matrices at 24 hours, it 
was concluded that the secretion of labeled matrix components from 
cells to matrices was essentially completed during the first 24 hours after 
a single injection of a labeled amino acid. 

Comparative observation of reaction intensities in the same sample at 
24 hours also revealed that a given amino acid precursor was utilized 
with varying efficiency in the formation of enamel and dentin matrices. 
Following 3H-histidine, for example, the enamel matrix was intensely 
labeled relative to the minimal reaction of the adjacent dentin matrix. 
By contrast, 3H-glycine labeling at 24 hours was much greater in dentin 
than in enamel matrix. These findings were in general accord with the 
variations in matrix amino acid concentration previously established by 
chemical analysis of dentin and enamel (Table II) . The tendency toward 
agreement between chemical and autoradiographic observations sug
gested the need for more precise data upon which to compare the utili
zation of the various amino acid precursors, and led to the application 
of autoradiographic grain counting. 

Quantitative Observations 
Technique. Grain counting was performed on the same optimally 

exposed preparations that had previously been examined qualitatively 
(Table I ) . A strip of the odontogenie apparatus approximately 11 μ wide 
under oil immersion optics (1500 diameters) was outlined by means of 
an ocular grid (Fig. 7). Counts were made of all silver grains lying 



PROTEIN SYNTHESIS IN ENAMEL AND DENTIN 207 

directly above each component tissue element in the strip (e.g., amelo-
blasts, enamel matrix, dentin matrix, predentin, and odontoblasts). Two 
strips were counted for each amino acid at each time interval. The length 
of each tissue element was measured and recorded and, following cor-
reaction for background fog ( < 7 grains/1000 μ2), the grain count over 
each was expressed in terms of grains per unit length. 

TABLE II. Range of Amino Acid Concentrations in Fetal Enamel and Dentin 
Obtained by Chemical Analysis (Expressed as Residues per 1000) 

Amino acid 

Alanine 
Arginine 
Glycine 
Histidine 
Hydroxyproline 
Isoleucine 
Leucine 
Methionine 
Phenylalanine 
Proline 
Serine 
Tyrosine 
Valine 

Enamel matrix« 

14-21 
25-31 
68-84 
58-62 

0-3.5 
27-33 
83^-97 
38-49 
23-41 

152-261 
58-78 
49-64 
33-43 

Enamel matrix6 

56 
31 
97 
30 

0 
30 
96 
21 
51 

146 
76 
— 
45 

Collagen0 

108-112 
51-52 

308-329 
4.7-6.5 
98-101 
5.3-6.8 
24-27 

5.3-6.8 
15-16 

115-116 
33-41 

4.9-6.4 
25-27 

a Human [5], ox [7], pig [18]. 
b Unerupted human, stored in formalin [18]. 
c Human Dentin [5]. 

Variations in the plane of histological section introduced significant 
differences in the length of the constituent tissue elements. Hence, "stan
dard" lengths were calculated for each tissue element, i.e., the arithmetic 
means derived from measurement of 41 individual odontogenic strips. 
These standards are tabulated in Fig. 7, and the grain counts from each 
experimental section were ultimately adjusted by proportionality to 
fit them. 

Comparison of Matrical Amino Acid Incorporation. Since the degree 
of utilization of the different amino acid precursor substances varied 
greatly, and since minor variations in dosage were unavoidable, the 
utility of absolute grain counts was limited. As a consequence, quantita
tive comparisons both between amino acids and between animals sacri
ficed serially after administration of the same amino acid were expressed 
in relative terms. 

Comparison was undertaken of the distribution of amino acids be
tween the enamel and dentin matrices at 24 hours following injection. 
The data were expressed in terms of the percentage occurrence of silver 
grains, and confirmed the qualitative impression of differential utilization. 
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Nearly 90 per cent of matrix-localized silver grains was related to enamel 
following administration of 3H-histidine, while after 3H-glycine admin
istration about 80 per cent of silver grains was localized over dentin. 
These and other selected examples of the distribution of matrical reac-

ÄMELOBLÄST 
I 45.6 ± 1.1 μ 

fENAMEL -
\'Z\S ± \3μ 

| DENTIN ■ * ■ -

1-27.5 ±6.9/1 

PREDENTiN * -
11.5 ±3.0/* 

f0D0NT0BLAST-
f2M ± 03μ 

FIG. 7. Photomicrograph of the rat odontogenic apparatus. The heavy black 
lines indicate a typical sector through which grain counts were made. The arithmetic 
mean values for the length of the constituents of the odontogenic apparatus are also 
given (see text for fuller explanation). Magnification: X 800. 

tions are illustrated in Fig. 8, which emphasizes the range of affinities of 
amino acids for the two matrices. 

Examination of these data suggested the possibility that a relation
ship might be established between the observed grain count distribution 
in the two matrix components and their respective content of amino acid 
residues. To this end, reference was made to results of chemical analyses 
of dentin and enamel matrices available in the literature (Table II) . 
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Some variation exists in the values derived by different investigators 
for the amino acid composition of enamel matrix, but for the most part 
the data are in reasonable agreement. Moreover, the values for collagen 
in dentin matrix appear to be quite consistent irrespective of the investi
gator or the source of the sample. Therefore, for the same concentration 

LEU HIST PRO ARG GLY 

FIG. 8. Graph demonstrating the partitioning of grains between the enamel 
and dentin matrices at 24 hours following the administration of tritiated amino acids 
(see text). 

of enamel and dentin matrix, Table II suggests that a relatively constant 
relationship can be derived for the comparative incidence of a given 
amino acid in the respective matrices. Histidine, for example, occurs in 
enamel matrix protein with nine times greater concentration than in an 
equal mass of dentin collagen, a relationship which is also reflected in 
the comparison of autoradiographic grain counts. Glycine, on the other 
hand, is some four to five times more frequent in its occurrence in dentin 
collagen than in enamel matrix, again as suggested by our autoradio
graphic observations. 

This coincidence between the results of chemical analysis and quanti
tative autoradiography was pursued further in an effort to establish 
whether a full similarity could be established. An assumption vital to 
this comparative treatment was that the concentration of proteins must 
be equal in enamel and dentin matrices. This assumption is manifestly 
invalid in the adult tooth wherein the protein concentration in enamel 
is less than 1 per cent [20]. However, there is good evidence that in the 
fetal state enamel protein concentration approaches 20 per cent [4], a 
value virtually comparable to the concentration of collagen in fetal 
dentin. 

The results of autoradiographic quantitation are presented graphically 
in Fig. 9 for nine representative amino acids.2 The cross-hatched bars 

2 Since hydroxyproline of collagen is known to arise by conversion of proline 
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represent the ratios obtained by relating the silver grain concentration 
in enamel matrix to that in dentin matrix at 24 hours after amino acid 
administration. Accompanying each bar is the corresponding range of 
ratios derived from several chemical analyses of amino acid concentra
tions taken from the literature (Table II) , including one series of values 

■3-t 2.6n 
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FIG. 9. Graphic representation of the ratio of grain counts in enamel matrix 
to that in the dentin matrix for nine tritiated amino acids, 24 hours following 
administration (cross-hatched bars) . The range of ratios obtained by chemical 
analyses of amino acid concentration in the respective matrices is represented by the 
straight lines. Separate values (solid triangles) are also indicated for the ratio ob
tained by chemical analysis of formalin-preserved molars (see text). 

obtained by chemical analysis of human impacted third molars stored 
in formalin [18]. These are expressed separately (solid triangles in Fig. 9). 
Comparison of the ratios obtained from quantitative autoradiography 
with those from chemical analysis demonstrates reasonable agreement, 
particularly with those derived on the basis of analysis of formalin-treated 
teeth. Only two amino acids, namely leucine and serine, yielded grain 
count ratios distinctly at variance with those anticipated on the basis 
of amino acid composition. The trend toward agreement otherwise sug
gests that factors other than experimental errors may be responsible for 
the variations in leucine and serine content. These will be discussed 
further in the following section. 

DISCUSSION 

Qualitative observation of the cellular site of initial incorporation 
and subsequent extracellular migration of labeled matrical components 

(see Ross and Benditt [19]) , it is assumed that autoradiographic images stemming 
from 3H-proline administration reflect the presence of both labeled proline and 
hydroxyproline. Consequently, in comparing the chemical analyses of dentin collagen 
to the grain count ratios, combined content of proline and hydroxyproline were 
taken into account. 
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following administration of a variety of amino acid precursors confirms 
in every respect the results of previous autoradiographic investigations 
of odontogenesis. Thus, it is clear that the labeled precursors applied 
here are utilized in dentinogenesis for the synthesis of the collagenous 
component of dentin matrix. Coupled with investigations by others, our 
present results strongly support the concept that collagenesis is initially 
an intracellular event, followed rapidly by extrusion and fibrillar aggre
gation in the extracellular milieu [3, 19]. Once formed, the collagen of 
dentin matrix remains in a stable form, undergoing neither metabolic ex
change nor physical intermixing with adjacent unlabeled matrix collagen. 
The fact that at least 90 per cent of the organic component of dentin 
matrix is collagen [20] would further suggest that the amino acid incor
poration observed here reflects the synthesis of only that protein. 

Amino acid incorporation in the amelogenic system is also initially 
cellular. Unlike dentin, migration of labeled enamel matrix components 
does not occur in the form of a discrete layer. Instead, there is a progres
sive tendency for mixing of the labeled component with the older, 
unlabeled matrix. This pattern of matrix labeling would tend to support 
the suggestion [6] that the state of aggregation of fetal enamel matrix 
may be that of a thixotropic gel. 

The question of the chemical nature of the labeled material in enamel 
matrix cannot be answered satisfactorily on the basis of these data. It 
seems likely that, unlike dentin collagen, enamel matrix consists of a 
mixture of protein entities, the synthesis of some or all of which is 
demonstrated by the autoradiographic technique. There is inferential 
evidence from the present results to suggest that the labeled components 
are structural rather than actively metabolic in their function, since no 
appreciable loss of enamel matrix reaction occurs during the first 24 hours 
after amino acid administration. Indeed, previous investigations of 3H-
glycine [22] and 3H-proline [8] have revealed no significant loss in 
enamel matrix reaction intensity over periods up to 168 hours after 
administration. 

With the exceptions of leucine and serine, among the 12 amino acids 
that have been examined thus far, reasonable agreement exists between 
the amino acid ratios in dentin and enamel derived chemically or 
by autoradiographic grain counts. Consequently, the autoradiographic 
method of analysis would appear to provide a fair reflection of the 
physiological and biochemical processes which operate in the formation 
of matrix proteins. 

In undertaking our comparisons we have chosen to overlook the 
possible influence of a number of metabolic factors, such as availability 
time, pool size, reutilization, etc. Initial attempts to evaluate their role 
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in the apparently anomalous behavior of leucine and serine have in
volved examination of the movement of labeled components from the 
cells to the matrices. The ratio of the grain count in the matrix to the 
total number of grains in both cells and matrix at any time interval after 
injection provides a convenient, though approximate, means for ex
pressing the efficiency of amino acid utilization in matrix synthesis. Data 
of this type are expressed graphically in Fig. 10 for 3H-leucine and 3H-

FIG. 10. Graphic representation of the relative rates of increase in reactivity of 
enamel (left) and dentin (right matrices during the first 24 hours following ad
ministration of 3H-leucine (above) and 3H-serine (below). (See text for further 
explanation.) 

serine. The efficiency of utilization of these amino acids appears to be 
essentially comparable in dentinogenesis, as might be anticipated if but 
a single protein is elaborated. In enamel matrix, on the other hand, 3H-
leucine is utilized more rapidly and more completely than is 3H-serine. 

This contrast may account in part for the discrepant values obtained 
by quantitative autoradiography for the content of these amino acids 
in enamel matrix. Serine is not efficiently utilized for enamel matrix 
synthesis during the first 24 hours. Mechanisms such as pool dilution 
and/or differential membrane transport may be active in impeding 
enamel matrix labeling after serine administration. Additional investiga
tion, particularly over time periods beyond 24 hours, should provide 
more precise information regarding the extent to which these factors are 
involved. 

In the case of leucine, more appears in the enamel matrix at 24 hours 
than would be anticipated on the basis of chemical analysis. The data 
regarding transfer rate (Fig. 10) suggest that leucine is utilized for 
matrix synthesis with an extraordinarily high degree of efficiency. While 
further experimental investigation is needed to settle the question, it 
seems possible that leucine may contribute through its own local 
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catabolism to the formation of other labeled precursor compounds, which 
in turn are then utilized for matrix synthesis. Unpublished results from 
this laboratory have demonstrated, for example, that the ameloblast is 
extremely active in anabolic synthesis involving acetate, one of the 
products which may be anticipated from leucine breakdown. 

SUMMARY 

Qualitative and quantitative autoradiographic techniques have been 
applied in the study of protein synthesis associated with the formation 
of the matrices of dentin and enamel. Examination of autoradiographs 
of rat molars taken from animals sacrificed up to 24 hours following 
administration of a series of twelve amino acids reveals a qualitatively 
similar pattern of incorporation. Initially, amino acid utilization occurs 
in those cells responsible for matrix synthesis, i.e., ameloblasts and 
odontoblasts. Within 1 hour after injection, labeled matrix components 
are transferred from cell to extracellular milieu. 

In the dentin matrix, labeling occurs in the form of a discrete band 
of radioactive matrix, and presumably reflects the presence of labeled 
collagen. In the enamel matrix, labeled material diffuses through pre
existing enamel matrix, so that ultimately the entire matrix layer is 
homogeneously labeled. The identity of the matrix protein or proteins 
in enamel is unknown. 

Grain counting techniques have been applied in an attempt to com
pare the utilization of the various amino acid precursors in matrix 
synthesis. Quantitation of the autoradiographic images not only em
phasizes the dynamic metabolic state of these tissues during odontogene-
sis, but provides as well a reasonably accurate reflection of their quanti
tative amino acid composition. 
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DISCUSSION 

D R . TONNA: I agree with Dr. Greulich, that the general distribution of label 
which appears after administration of a large variety of amino acids is similar. I 
don't know, however, why enamel shows the peculiar phenomenon of protein dif
fusion through the matrix. 

D R . ROSS: Dr. Greulich compared the uptake of label in enamel to that in dentin, 
for each of 12 diiferent amino acids. He felt that the enamel-to-dentin ratios remain 
relatively unchanged at the later times, when mineralization had already begun to 
occur. The extent of loss of protein matrix and retention of labeled amino acids in 
this matrix remains to be resolved. 

D R . LEBLOND: Mr. H. Warshawsky has used 3H-proline and -tyrosine in investi
gating enamel formation in the rat. At early intervals (5 -15 minutes after injection) 
the radioautographic reaction predominated in the ribosome-rich supranuclear re
gion of secretory ameloblasts. By 30 minutes, the silver grains were arranged in long 
axial rows corresponding to the Golgi apparatus (which in these cells is tubular; 
/ . Cell Biol. 1963, 16, 629) . The appearance of radioactivity in the matrix began at 
this time (30 minutes) and progressed to a maximum reached toward 4 hours. 
These results seem to be in full agreement with those of Dr. Greulich. 
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SKELETAL PROTEINS 

Unlike other tissues (excluding teeth) the skeletal system consists of 
three major nonliving compartments, namely: the mineral, water, and 
organic phases. Except for a certain amount of water, these substances 
are found in the external environment of skeletal cells called the matrix. 
Analyses of compact bone reveal that by weight 72.17 per cent is mineral, 
3.68 per cent water, and 24.15 per cent organic matter [7, 8]. Because 
of the differences in density of the various phases, approximately 54 
per cent is mineral, 8 per cent water, and 38 per cent organic matter 
[19, 20]. Since the skeletal system also contains much cartilage in addi
tion to compact bone, these values will vary considerably. Differences 
can also be found in samples taken from different animal species or from 
different tissue areas of the same animal, and in samples taken from 
animals of different ages [7]. 

The organic matter making up the skeletal system consists of ap
proximately 90 to 96 per cent collagen, 1.24 per cent mucopolysaccharide-
protein complex, and 3 to 9 per cent protein material, largely coming 
from vascular material which for our purpose can be considered ad
ventitious to true bone. Analyses of cartilage mucopolysaccharide-pro-
tein samples (free from hydroxyproline) reveal that the complex consists 
of only 18 per cent protein and 83 per cent chondroitin sulfate [5]. 
Keratosulfate is also found in bone and cartilage; this complex, however, 
constitutes less than 1 per cent of the total mucopolysaccharides [14], 
The major protein composition of the skeletal system, therefore, con
sists of the matrical proteins collagen and mucopolysaccharide-protein 
and a variety of cellular proteins. Although the bulk of the skeletal 
protein is extracellular, the cells play a pertinent role in the manufacture 
of protein precursors. These precursors undergo orientation, polymeriza
tion, and maturation after they are liberated from cells into the skeletal 
matrix. 

1 Research supported by the U. S. Atomic Energy Commission. 
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CELLULAR COMPOSITION OF THE SKELETON AND 
CELLULAR FUNCTION 

The living phase of the skeletal system consists of a variety of pleo-
morphic cells and cellular populations whose initial origin stems from 
undiflferentiated pleuripotential mesenchymal cells. In addition to the 
necessary manufacture of protoplasmic proteins, many of the skeletal 
cells actively participate in matrical protein-precursor synthesis. Fibro-
genic, osteogenic, and chondrogenic cells are all capable of collagen 
and mucopolysaccharide-protein complex precursor formation. Sufficient 
evidence is available for acceptance of the fact that protein precursors 
(protofibrils) are synthesized intracellularly and are then elaborated 
extracellularly for eventual polymerization [10, 12, 17, 22]. These cells 
obviously contain the necessary power requirements (energy supply), 
biochemical mechanisms, quantity and rate control systems (enzymatic 
catalysis), the quality control mechanism (deoxyribonucleic acid), and 
the ribonucleic acid assembly lines for protein precursor production. In 
addition, they can secrete into the surrounding matrix a variety of sub
stances which would insure the continued extracellular process of pre
cursor orientation, polymerization, and maturation into the definitive 
protein structure (Fig. 1). 

For a more comprehensive understanding of skeletal biology, it is 
therefore necessary to study the synthesis of matrical proteins including 

CELL (PRIMARY PROCESSING) 
MATRIX 

(SECONDARY PROCESSING) 

FUEL 
kCARBOHYDRATES.ETC.) 

RAW MATERIALS 
(AMINO ACIDS) 

ENERGY STORAGE 
(CHEMICAL BONDS) 

COMBUSTION 
(MITOCHONDRIA) 

ENERGY SUPPLY 

3 QUANTITY 8 RATE CONTROL 
(ENZYMES) 

ENVIRONMENTAL CONTROL 
(ENZYMES, ACIDS, 
BASES, SALTS.ETC.) 

PARTS ASSEMBLY-LINE 
(RNA- POLYMERS) 

PRODUCT COMPONENTS 
(PROTEIN PRECURSORS)! 

ENVIRONMENTAL FACTORS 
(MECHANICAL,CHEMICAL ) 

ORIENTATION PROCESS 

POLYMERIZATION PROCESS 

FINAL PRODUCTS 
(MATRICAL PROTEINS) 

MATURATION PROCESS 

FIG. 1. A schematic representation of the biphasic protein processing system 
showing the cell's role in the primary internal phase and the secondary extracellular 
phase. 
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the important primary role of cells in protein precursor formation. These 
investigations must encompass studies of the cellular uptake and turn
over of amino acids, evaluation of the differences in the activity of dif
ferent cell types, and of similar cells at various sites within the skeletal 
system. Comparable data must be obtained from birth to old age. More 
important, the cellular potential for protein precursor production must 
be evaluated, since it is of biological and medical interest to know the 
emergency response and reparative capacity of the system at different 
ages. 

AUTORADIOGRAPHIC ASSESSMENT OF PROTEIN SYNTHESIS 

Autoradiography offers a simple, highly informative, and precise 
means by which many of the facets of protein synthesis can be effec
tively studied. In addition, the skeletal system lends itself very favorably 
to autoradiographic analysis because of the stability of skeletal protein. 
The matrices of bone and cartilage reveal a histological map from which 
the amount of labeled protein deposited and the apparent movement of 
labeled protein during growth, repair, etc., can be followed and evalu
ated from one time period to the next. 

3H-labeled amino acids offer the advantage of high resolution auto
radiography, since with tritium, radioactivity can be detected within a 
range of about 1 μ. To date a number of 3H-amino acids have been 
used to study protein synthesis in the skeletal system, including glycine 
[6, 25, 32, 33], leucine [6], methionine [6], histidine [29, 31], and pro-
line [18, 26]. A study of fibroblastic collagen production in healing 
wounds using 3H-proline was also reported by Ross and Benditt [21], 

The Use of 3H-Amino Acids in Matrical Protein Synthesis 
When a given 3H-labeled amino acid is injected into an organism for 

the study of skeletal protein synthesis, the appearance of labeled protein 
does not necessarily indicate that the 3H-label is present exclusively 
within the same amino acid, since some injected amino acids undergo 
hydroxylation or metabolic transformations by which other amino acids 
are synthesized from atoms constituting the injected amino acid. This 
is probably also true for the administration of essential amino acids, since 
evidence is available [11] showing that during catabolism products are 
formed which can be reutilized in the synthesis of nonessential amino 
acids (Fig. 2) . On the other hand, it has been shown that when glycine 
is administered to animals, the amino acid is preferentially incorporated 
into collagen [15, 23]. In any event, the question of concern in autoradi
ography is not whether the original form of the administered amino acid 
appears in newly deposited matrical protein, but how much of the cellu-
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lar turnover of injected 3H-amino acids is representative of matrical 
protein synthesis and how much is needed for protoplasmic turnover. 
Labeled matrical protein represents, for the most part, collagen and mu-
copolysaccharide-protein, with only insignificant amounts of other pro
teins found within the matrix. 

LYSINE 
(ESSENTIAL AMINO ACID) 

1 

DEGRADATIO 
f 

HYDROXYLATION 

N 

»HYDROXYLYSINE 

GLUTAMIC ACID 

ARGININE^=^ORNITHINE^=± PROLINE HYDROXYLATION > HYDROXYPROLINE 

FIG. 2. A diagram showing a number of chemical interrelationships which can 
take place following administration of lysine and illustrating the synthesis of a variety 
of amino acids. 

Table I compares grain counts deposited over bone and cartilage 
matrices in femora of young mice, not treated with enzyme or treated 
with collagenase or hyaluronidase; the mice were sacrificed 8 hours 
following administration of 3H-glycine, histidine, and proline. The auto-
radiographic results with enzymes, although crude, were sufficient to 
show that the grains appearing over bone and cartilage matrix were 
essentially due to matrical proteins, largely collagen. Therefore, auto-
radiography using 3H-amino acids largely represents a study of matrical 
protein synthesis. 

Skeletal cells appear to use large quantities of amino acids for matri
cal protein formation, but comparatively little for turnover of proto
plasmic proteins. Evidence is available from autoradiographic studies 
using 3H-histidine [31], 3H-glycine [32, 33], and 3H-proline [26] in 
which osteoclasts were consistently shown with very low grain counts. 
These cells are highly active metabolically but not involved in matrical 
protein synthesis. Bone and cartilage cells which terminate their matrical 
protein synthetic activity following growth of the organism and during 
aging also showed the presence of very few autoradiographic grains 
[25,29]. 

Concerning the distribution of reduced silver grains in autoradio-
grams of bone and cartilage following the administration of 3H-amino 
acids, the investigator must bear in mind that variations in the ratios of 
collagen (C) to mucopolysaccharide-protein complex (MPC) in bone 
versus cartilage exist and that some differences can be significant [5, 7, 8] . 
One must also be cognizant of the possible significant variations in re-



TABLE I. The Removal of Reduced Silver Grains from 3H-Amino Acid Autoradiographs of Mouse Femora by Treatment 
with Hyaluronidase and Cottagenase0"1*'0 

u Mice: 2 weeks old; sacrificed 8 hours after administration of 3H-amino acid. 
0 Each value represents an average 200-300 areas (6.25 μ each) . 
c Average background ~ 0.13 grains/area. 

Treatment 

Hyaluronidase: 
No treatment 
4 hours 
8 hours 

Collagenase: 
No treatment 
3 hours 
8 hours 
16 hours 

3H-Histidine 

2.39 
1.65 
1.69 

2.39 
0.61 
0.63 
0.83 

Epiphyseal plate 
(matrix) 

3H-Glycine 

5.52 
4.01 
3.68 

5.52 
1.48 
0.76 
0.74 

3H-Proline 

2.60 
2.08 
1.87 

— 
— 
— 

Metaphyseal trabeculae 
(osteoblastic collagen) 

3H-Histidine 3H-Glycine 

3.39 
1.74 
1.56 

3.39 
0.88 
0.96 
1.04 

25.80 
21.33 
20.08 

25.80 
2.75 
1.25 
0.82 

3H-Proline 

9.62 
5.80 
4.93 

— 
— 
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suits due to the removal of samples from different sites within the same 
animal [7], differences due to the age of the animals used, and differences 
between similar tissues taken from different animal species [8, 16]. In a 
recent theoretical study it was shown that with a bone C/MPC ratio 
of 79:1 and cartilage C/MPC ratio of 1:1 the number of grains attributed 
to MPC overlying bone was ~ 1 per cent for 3H-glycine, histidine, pro-
line, and lysine. Over cartilage, on the other hand, 5, 33, 8, and 17 per 
cent of the overlying grains were attributed to MPC, respectively [27]. 

There are three additional situations involved in the assessment of 
3H-amino acid autoradiographs which significantly affect the interpreta
tion of the data, namely: (1) availability of injected 3H-amino acids to 
cells situated in different regions of the skeleton, (2) the reutilization by 
skeletal cells of labeled materials which become available to them some
time after the initial uptake of injected 3H-amino acid, and (3) the size 
of the body pool for a given amino acid which may be different in animals 
of different ages resulting in a change in the "specific activity" of the 
label. These parameters will be discussed more fully later. 

In terms of a dynamic understanding of skeletal protein synthesis, 
it is not sufficient to have data which reflect events taking place at one 
age. Neither is it sufficient to possess data for normal protein uptake and 
turnover without having data reflecting the capacity of cells to accelerate 
or reactivate protein synthesis following trauma. This is because cells of 
the skeletal system, including cells of other tissues as well, undergo 
several phases of activity throughout the life-span of the organism during 
which the potential for protein synthesis may be altered. These phases 
include growth, post-growth activity, aging, and the response to trauma. 
It is imperative, therefore, that for a more comprehensive understanding 
of protein synthesis by a given tissue system, each of these phases should 
be considered in the experimental design. 

Materials and Methods Used for Autoradio graphic Assessment 
The methods which were used in the present studies of protein syn

thesis by the skeletal system involve: (1) autoradiographic grain counting 
of cells from early time periods (e.g., 5 minutes) to 14 days after 3H-
amino acid administration, (2) analysis of the grain count data and curve 
analysis after semilogarithmic plotting, and (3) microscopic and micro-
metric analysis of the apparent movement of label following the con
tinued deposition of new matrix. All the studies included cells of the 
osteogenic layer of the periosteum, metaphyseal-trabecular-endosteal 
osteoblasts, epiphyseal plate cartilage cells (proliferative and hypertroph-
ic zones), and cells of articular cartilage. These cell populations were 
studied in the femora of mice (5 to 52 weeks of age) of the Brookhaven 
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National Laboratory strain of Swiss albino. The left femora were gener
ally fractured at mid-shaft prior to the subcutaneous administration of 3H-
amino acids. 3H-histidine was given in quantities of 1 μc/gm body weight 
(specific activity 1.7 curies/mmole), 3H-glycine in quantities of 5 μΰ/^πι 
body weight (specific activity 50 mc/mmole), and 3H-proline in 2 μc/gm 
body weight (specific activity 1.0 curie/mmole). The femora and upper 
half of the tibia were removed intact, fixed in 10% formalin, processed 
histologically, and finally paraffin embedded and blocked. Five micron 
sections were cut and autoradiographs were prepared using NTB3 Kodak 
liquid emulsion. 3H-histidine sections were exposed in a cold, dry atmos
phere for 30 days. 3H-glycine and 3H-proline sections were exposed for 
16 days prior to photographic development. One set of slides was stained 
with hematoxylin and another set with hematoxylin and eosin. 

AUTORADIOGRAPHIC STUDIES (»H-HISTIDINE, -GLYCINE, 
AND -PROLINE) 

Skeletal Cell sH-Amino Acid Turnover 
After administration of either 3H-histidine, -glycine, or -proline to 5-

week-old mice, the label first appeared largely over the cytoplasm of 
cells. All skeletal cell types became labeled, but not all the cells com
prising a given type were seen labeled as early as 5 minutes after 
administration of 3H-amino acids. Osteoclasts and osteocytes were poorly 
labeled throughout the entire study period, but new osteocytes and oste
ocytes formed shortly after 3H-amino acid administration were well la
beled. The latter cells were labeled substantially by reutilization. Peri-
osteal and endosteal osteoblasts as well as cartilage cells of both the 
epiphyseal plate and articular cartilage were highly labeled. This is 
especially true for metaphyseal osteoblasts and epiphyseal cartilage cells. 
Fewer grains were seen over preosteoblasts than over osteoblasts. The 
perichondrial regions of the periosteum were more abundantly labeled 
than the rest of the periosteum. This is also true of the cells at the periph
ery of the epiphyseal plate. Metaphyseal endosteal cells incorporated 
larger amounts of labeled material than did other skeletal cells, and at an 
earlier time period. Maximum grain counts were reached after 15 minutes 
by metaphyseal osteoblasts and after 30 minutes by the other skeletal 
cells (Fig. 3). The increased activity of metaphyseal cells at earlier time 
periods is believed to reflect, at least in part, an increased availability of 
3H-amino acids via the well-developed circulatory system of this region. 
At 30 minutes silver grains increased in number over cells and appeared 
as well over the matrix contiguous with the cells. The silver grains 
formed a continuous band over newly formed matrices of cortical bone, 
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metaphyseal trabecular bone, and bone at the secondary centers of ossi
fication. The apparent movement of silver bands was traceable in auto
radiographs from one time period to the next as additional unlabeled 
matrix was deposited (see Figs. 4 and 10). Silver band formation was 
not prominent in 3H-histidine autoradiographs, but very pronounced with 

YOUNG MICE 
C J PERIOSTEUM 

FIG. 3. A histogram illustrating the uptake and turnover of 3H-glycine by various 
femoral cell populations in 5-week-old mice. Assessment is made by autoradiographic 
grain counting. Note particularly the differences between osteoblasts of periosteal 
and metaphyseal origin (taken from [32]) . 

3H-glycine and -proline. Cartilage matrices were labeled diffusely through
out the study but never in sharp bands. A continuous loss of label from 
cells to matrix was observed in all cells except osteoclasts and mature 
osteocytes. 

At the metaphysis, the newly deposited osteoblastic trabecular matrix 
was labeled, but the cartilage core of the trabeculae was unlabeled. With 
increasing time the label appeared deeper within the trabeculae as more 
matrix was deposited and further along the metaphysis as longitudinal 
trabecular growth proceeded. Simultaneously with these events, silver 
grains which were deposited earlier over the cartilage matrix of the epiph-
yseal plate at the proliferative and hypertrophic zones, appeared over the 
degenerative zone of the plate by 16 hours and eventually over the tra
becular cartilage core. By this time, however, the trabecular label de
posited by osteoblasts had progressed further along the metaphysis. 

With increasing time more and more grains were deposited over bone 
and cartilage matrices while cellular labeling became weaker, so that by 
the fourth day very few grains were seen above cells and by the seventh 
day cellular labeling was essentially negative (Figs. 4 and 5) . 

Autoradiographs of older animals revealed the same distribution of 
silver grains over all cell types as was observed in younger mice, but 
the protein synthetic activity was much lower (Fig. 6). The rates of 
uptake, turnover time, and total amount of labeled amino acid used 
differed significantly from those of young cells, except in metaphyseal 
osteoblasts. These cells revealed an uptake and turnover very much 
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FIG. 4. An autoradiographic series showing turnover of 3H-proline (A) 15 minutes, (B) 30 minutes, and (C) 4 hours 
after its administration by metaphyseal osteoblasts of 5-week-old mouse femora. New trabecular bone matrix is evidenced by 
the appearance of bands of silver grains. Hematoxylin stained. Magnification: X 1000. 
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FIG. 5. An autoradiographic series showing turnover of ^H-proline by cartilage cells of the distal epiphyseal plate 
of 5-week-old mouse femora. The photomicrographs represent (A) 15 minutes, (B) 30 minutes, (C) 1 hour, and (D) 
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4 hours after administration of 3H-proline. Note the progressive cellular uptake and turnover of label marking newly 
deposited cartilage matrix. The distribution of the extracellular label is diffuse. Hematoxylin stained. Magnification: 
X 1000. 
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similar to that seen in young mice. Their grain counts were lower and 
the peak labeling time was maintained at 30 minutes, whereas peak 
labeling of other skeletal cells of older mice occurred at about 4 hours 
(Fig. 7) . 

Reduced protein synthetic activity was observed in adult mice at the 
perichondrial zones of the periosteum and subepiphyseal foci. These foci 

ADULT MICE 
K 3 PERIOSTEUM (OSTEOGENIC -

LAYER) 
ΓΖΖ1 EPIPHYSEAL PLATE 

(PROLIFERATE AND 
HYPERTROPHIC ZONES) 

■■METAPHYSIS ( ENDOSTEAL 
OSTEOBLASTS) 

ARTICULATING SURFACES . 

5 15 30 I I 
MINUTES 

FIG. 6. A histogram illustrating the uptake and turnover of 3H-glycine by vari
ous femoral cell populations in 52-week-old mice. Assessment is made by auto-
radiographic grain counting. Note particularly the remarkable difference between 
metaphyseal osteoblasts and other cell populations at this age. Compare with the 
histogram of 5-week-old rats (Fig. 3 ) . 

represent the remaining vestiges of metaphyseal activity during closure 
of the epiphyseal plate. Labeling of skeletal cells was generally weak in 
older animals, largely due to plate closure. No significant labeling of the 
epiphyseal plate was observed with 3H-histidine. Matrical bands of silver 
grains which are always seen over bone matrices of young mice after 
3H-glycine and 3H-proline administration were not seen in older mice 
except for an occasional short line at the subepiphyseal region of the 
metaphysis. 

Variations in Turnover During the Life-Span of the Mouse 

Although injected amino acids may be converted to other amino acids 
or used for the synthesis of a large variety of molecules, for our purpose 
their utilization by skeletal cells can be considered twofold: amino acids 
are utilized (1) in protoplasmic synthesis and (2) in the manufacture 
of the matrical proteins collagen and mucopolysaccharide-protein. In 
order to gain insight into the collagen turnover of amino acids, the num
ber of autoradiographic silver grains which appeared over skeletal cells 
following 3H-amino acid administration was counted over a number of 
time periods. The data were used in a manner analogous to the use of 
radioactivity data in an analysis of a mixture of two independently de
caying radioisotopes. Protoplasmic synthetic activity and matrical pro
tein precursor synthetic activity were considered the two components of 
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FIG. 7. Autoradiographs of femoral periosteum (perichondrial zones) showing peak labeling at (A) 30 minutes and (B) 
1 hour after 3H-proline administration in mice (A) 5 weeks and (B) 52 weeks of age. Hematoxylin stained. Magnification: 
X 1000. 
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the mixture. The total activity A of the mixture consists of the sum of 
the activities of the individual components Αχ and A2. Similarly, the 
protein synthetic activity A is the sum of the protoplasmic synthetic activ
ity of the cell Αχ and the manufacture of matrical protein precursors A2. 
Since, autoradiographically, the activity is assesed by counting the num
bers of grains over cells, 

A = A1 + A2 

Assuming that turnover results in exponential decay for A1 and A2, 
Αλ = Αχο e-M and A2 = A2<> e-M 

where A0 is taken as the peak grain count at a given time t = 0, and λ is 
the turnover constant. Therefore, the cellular activity at t > 0 is given as 

At = Ax<> e-λ ι* + A2o £?-λ2ί 

Contributions by the individual components of the mixture are revealed 
by semilogarithmic plotting of the average grain counts observed over 
a given cell population against time. 

Following semilogarithmic plotting and curve analysis of the 3H-gly-
cine grain count data of young mice, reasonably good two exponential 
curve component systems were obtained (Table I I ) . In each cell popu
lation the fast component in hours represents turnover of matrical pro
teins, whereas the slow component in days represents turnover of proto
plasmic proteins. The turnover time of the latter is no doubt extended by 
some degree of reutilization. It is interesting to note that the turnover 
rate of matrical proteins appears to be quite similar for all skeletal cell 
types except for metaphyseal osteoblasts. However, this may also be true 
for these cells, if it were not for the increased availability time which they 
enjoy. In any event, similar turnover times do not imply that the same 
total amount of protein material was actually turned over during the 
growth period, since the availability of the label and duration of cell 
activity vary. 

In a similar curve analysis of the grain count data of older mice 
(Table II) , a straightening out of the curves was revealed with a sup
pression of the two-component feature observed in young mice. This is 
probably not true for metaphyseal endosteal osteoblasts of older mice, 
since they maintain an elevated amino acid uptake and turnover activity 
in comparison to other cell types. 

It is interesting to state that these crude data show that protein turn
over times vary substantially between young and old mice, and that the 
turnover rate of structural protoplasmic proteins is less sensitive to 
changes in metabolic function and age than is the turnover rate of amino 
acids utilized in matrical protein precursor formation. 
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TABLE II. Approximate Half-times of First and Second Curve Components Obtained from Semilogarithmic Plots of the 
Average Grain Counts of Young and Adult Mouse Skeletal Tissues versus Time 

Curve components Age Metaphysis Epiphysis Periosteum Articular cartilage 
O 

1st (hours) 

2nd (days) 

Young 
Adult 

Young 
Adult 

2.5 
2.5 

2.5 
1.6 

4.0 
7.0 

2.9 
3.8 

4.0 
6.0 

3.2 
3.3 

3.5 
7.0 

5.2 
3.2 

to 
to 
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Assessment of the Proteosynthetic Potential 

The levels of protein synthetic activity observed in normal bones 
reflect only the growth, development, and remodeling demands placed 
upon cells during a given time period. The addition of the parameter 
of aging revealed a diminution in the protein synthetic activity with 
increasing time. In order to understand the protein synthetic activity of 
skeletal cell populations more fully, data must be obtained which reveal 
not only their degree of participation in protein synthesis at any given 
time, but their ability to respond to emergency situations. In keeping 
with this concept a number of important questions need serious consid
eration, namely: When skeletal cells synthesize matrical proteins, is the 
synthetic process operating at maximum capacity? Does the reduction 
in the protein synthetic activity of skeletal cells with increasing age 
imply that the cells are any less capable of participating in protein syn
thesis if the need should arise? Is the post-trauma reactivation of the 
process of proliferation in the periosteum of old mice accompanied by 
reactivation of protein synthesis in regions far removed from the site 
of trauma? 

In an attempt to answer these questions the left femora of 12 mice, 
5 and 52 weeks of age, were fractured at midshaft. Five days later the 
mice were given a subcutaneous injection of 3H-glycine or 3H-histidine. 
On the sixth day, the mice were sacrificed and the hind limbs were re
moved and processed for autoradiography. Details of the process have 
been stated in the materials and methods section of this article. 

3H-glycine autoradiographs of young mice showed active protein 
synthesis occurring throughout the fracture site and elsewhere. Although 
most of the grains were observed over extracellular regions of the tissue 
6 days after fracture, some sparsely labeled cells were still seen. The 
matrices of the cartilaginous and prechondrogenic portions of the frac
ture callus were heavily but diffusely labeled. At the periphery of the 
callus, silver bands appeared over active sites of trabecular bone forma
tion. On studying the periosteal and endosteal surfaces of the shaft from 
the fractured ends to the limits of the perichondrial regions the following 
was observed: silver grains were not present over cortical bone below the 
active cartilaginous callus. Grains were noted at the region of trabecular 
bone formation. Beyond the periphery of the callus, the activity of both 
the periosteum and endosteum was similar to that observed in the un-
fractured femora described earlier in this article. The fracture did not 
appear to disturb significantly the protein synthetic process normally 
taking place in regions away from the fracture site. 
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3H-glycine autoradiographs of 52-week-old mice also revealed very 
active protein synthesis throughout the fracture site. The distribution of 
grains was similar to that described over the fractures of 5-week-old 
mice, but with the important exception of the periosteal and endosteal 
activity. As described earlier, normal femora of 52-week-old mice exhib
ited at best a weak periosteal and endosteal protein synthetic activity. 
The activity was moderate only at the perichondrial zones of the peri
osteum and in some scattered endosteal foci where some trabecular or 
subcortical remodeling activity remained. In the fractured femora, how
ever, active protein synthesis was observed along the entire length of 
the periosteum except for the perichondrial regions. Definitive silver 
bands were seen over a layer of new bone recently deposited on both 
the anterior and posterior cortical surfaces of the shaft (Fig. 8). The 
rapidity with which this new layer of bone is deposited is remarkable, 
since it would take 4 to 5 days for the nontraumatized femoral peri
osteum of 5-week-old mice to form the amount deposited within 1 day 
in 52-week-old mice at sites distant from the fracture callus (compare 
Fig. 8B with Fig. IOC). Endosteal activity was also stimulated in certain 
regions, but to a much lower degree. The epiphyseal plate and articular 
cartilage were not disturbed by midshaft fractures. Examination of the 
intact tibias within the same slides showed no stimulation of periosteal 
protein synthetic activity. Stimulation of protein synthesis was limited 
to the traumatized bone. 

These results are in agreement with and complement studies reported 
earlier on the behavior of periosteal cells following trauma [24, 28, 30]. 
It was shown that 32 hours after fracture periosteal cell proliferation was 
stimulated from 3 to 25 per cent in 5-week-old mice [28]. Respiratory 
enzyme activity of the periosteum, however, could not be elevated ap
preciably following femoral trauma at 5 weeks of age [24]. Apparently 
the cells were respiring at a near maximum level. The 3H-glycine results 
showed that the protein synthetic activity was not appreciably enhanced 
in the periosteum following stimulation of cell proliferation. The level 
of protein synthetic activity of the cells at the fracture does not appear 
to differ from the level seen elsewhere in the periosteum. Thus, it would 
appear that protein synthetic activity of osteogenic cells of the periosteum 
at 5 weeks of age is at or near maximum capacity and proceeds largely 
undisturbed following trauma. 

In 52-week-old mice cell proliferation was stimulated in fractured 
femora from a level of 0.3 to 10.5 per cent in the periosteum away from 
the fracture site [30]. Respiratory enzyme levels were also shown to 
increase [24]. 3H-glycine results showed stimulation of active protein 
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FIG. 8. Autoradiographs were made from the periosteum of a 1-year-old mouse whose left femur was fractured 6 days 
earlier and on the fifth day 3H-glycine was administered. A shows the uptake seen at the unfractured right femur. B· (a 
comparable site with A) shows the thickened osteogenic layer of the periosteum following stimulation of cell proliferation and 
the deposition of a layer of new bone matrix. Note that the initial deposition of label is scanty (farthest point away from 
periosteum) and within a short time an intense band is formed. This is probably due to the rapidity with which new bone 
was laid down. Under normal conditions of growth in 5-week-old mice it would have taken about 4 to 5 days to produce 
what appears in 1-year-old mice within 1 day following fracture. The periosteal site selected in B is a considerable distance 
away from the future callus. Hematoxylin stained. Magnification: X 1000. 
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synthesis at the fracture site and periosteum at 52 weeks of age. Reduced 
demands for growth at 52 weeks of age and the degree of cellular aging 
accumulated during life did not eliminate nor diminish the capacity of 
cells for protein synthetic activity. However, autoradiographs showed 
that the uptake of label by periosteal cells of fractured femora did not 
differ from the uptake of the unfractured controls. Protein synthesis was 
not activated in old-looking, spindle-shaped periosteal cells of 52-week-
old mice. Active protein synthesis was associated with the newly gen
erated cell population following stimulation of cell proliferation. Ap
parently, the protein synthetic processes cannot be directly stimulated 
in the old periosteal cells as a result of trauma. At this time the morpho
logical and biochemical effects of cellular aging are evident, but these 
cells have not lost their capacity to divide and are capable of regenerating 
new revitalized populations of bone and cartilage cells following trauma, 
which in all respects appear similar to these newly generated skeletal 
cells and will continue at the fracture site until the demands for repair 
are fulfilled. It was shown in a previous study that away from the frac
ture site stimulation of cell proliferation in the periosteum of both young 
and older mice diminished, so that by the fourth or fifth day the normal 
nontraumatized levels were again reached [30]. Protein synthesis stimu
lated in this region also continues for a limited time only. 

3H-histidine autoradiographs revealed a picture similar to that found 
with 3H-glycine and 3H-proline, but the events were not as dramatic. 

Micrometric Analysis 
In a study of bones and teeth using 3H-glycine, Carneiro and Leblond 

[6] observed that the presence of labeled material in newly deposited 
bone matrix appeared as discrete bands of silver grains in autoradio
graphs. Tonna et al. [32] charted the course of these autoradiographic 
silver bands in the femora of growing mice. It was shown that the 
activity of the periosteum and endosteum varied considerably depending 
on the region of the femur with which they were associated. By and 
large, active protein synthesis by cells of the periosteum was observed 
at the proximal half of the femur while the cells of the endosteum were 
actively synthesizing protein in the distal half of the femur. Several 
silver bands which appeared at one surface of the femoral shaft at about 
30 minutes after 3H-glycine administration were observed to cross the 
entire thickness of the shaft by the seventh and fourteenth day. This is 
clearly illustrated by the endosteal bands in Fig. 9. It is also of interest 
to note that, although initially silver bands appeared almost simul
taneously along a given bone surface, their rate of progression toward 
the opposite surface of the shaft differed. Significant differences were 
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noted in the rate of progression along the length of any given band. 
The proximal periosteal bands showed greater protein synthetic activity 
at their center and a gradual diminution as one moved away from the 
center. The distal endosteal bands showed increasing activity along their 
length as one moved more distally (Fig. 9). 

PROXIMAL n 
8 16 HOURS 

It 
7 14 DAYS 

in autoradiograms of 5-week-old 
mouse femora is illustrated diagrammatically as new bone is deposited from 30 
minutes to 14 days after 3H-glycine administration. Note the largely periosteal activ
ity at the proximal end and the endosteal activity at the distal end at this age 
(taken from [32]) . 

In order to evaluate the differences in protein synthetic activity of 
the femoral bone surfaces, a filar micrometer was used to measure the 
progressively larger distance existing between the leading edge of the 
silver band and the original surface of deposition with time following 
3H-glycine administration (Fig. 10). It must be remembered that, since 
the protein synthetic activity reflected by any given silver band varies 
widely along its length, the values shown in Table III represent only 
average activity values. In addition, the band shapes differ in the same 
animal from one bone to the next and in animals of different ages and 
species. 

With respect to the daily rate of protein synthesis over a 14-day 
observation period, the values appeared to vary with the growth pressures 
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FIG. 9. The incorporation of label as seen 



TABLE III. Micrometric Analysis of the Autoradio graphic Movement of Silver Grains Deposited 
Over the Femora of Young Mice Following SH-Glycine Administration*1 
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Region 
Analyzed 
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4 

Average 

HOURS 
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1.8 3.9 2.7 2.4 

1.4 2.9 3.2 4.3 

1.9 3.0 3.8 4.7 

1.7 2.4 3.7 5.1 
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16 
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DAYS 

1 

6.9 
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6.5 

6.1 

7.9 

2 4 7 

12.9 19.8 35.6 

20.2 35.5 45.3 

12.8 15.7 32.2 

10.5 15.2 29.9 

14.1 21.6 36.4 

14 

46.3 

88.8 

96.1 

48.0 

69.8 

Average 
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3.3 
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a Each value (μ) represents an average of 25 measurements made along each specific region with a filar 
micrometer. 
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FIG. 10. An autoradiographic series showing, in the femora of 5-week-old mice, the continued periosteal deposition of new 
cortical bone as evidenced by the band of silver grains formed after (A) 1 hour, (B) 1 day, (C ) 7 days, and ( D ) 14 days after 
3H-glycine administration. A filar micrometer (used in the analyses) is pictured in C. The vertical line is movable along the 
horizontal scale. Hematoxylin stained. Magnification: X 1000. 
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existing along the skeletal surfaces from one period of growth to the 
next. The proximal anterior periosteal band and distal posterior endo-
steal band exhibited similar average daily rates of protein synthesis (3.3 
and 3Ap/day). The proximal posterior periosteal and distal anterior 
endosteal bands were double these values, but similar to each other 
(6.3 and 6 ^ / d a y ) . 

3H-proline autoradiographs revealed comparable events. Histidine, 
which constitutes only 2 in 419 amino acid residues in the collagen poly
mer, did not produce discrete silver bands, but the distribution of the 
matrical label was not unlike the other amino acids. 

Availability and Reutilization of 3H-Amino Acids 
Injected amino acids reach cells and are incorporated intracellularly 

with unbelievable speed. Borsook et al. [1] showed that 2-14C-imidzole-
L-histidine injected intravenously in mice had nearly all disappeared from 
circulation within less than 10 minutes. Within 40 minutes 18 to 47 per 
cent of the injected histidine was incorporated into visceral proteins. 
Autoradiographs of adult frog tissues previously injected intraperitoneally 
with 14C-glycine revealed labeled cells within 5 minutes [13]. Labeled 
bone and cartilage cells were also seen as early as 5 minutes in autoradio
graphs of mouse tissues previously injected subcutaneously with 3H-gly-
cine [32] and 3H-proline [26]. Labeled cells can probably be detected 
earlier than 5 minutes after 3H-amino acid administration. 

The rapidity with which injected 3H-amino acids become available 
to cells, by whatever route, introduces a parameter of significant import 
into the interpretation of autoradiographs. This point is well illustrated in 
Figs. 3 to 6. Certain cell types, e.g., endosteal osteoblasts, revealed the 
accumulation of larger grain counts than other cell types prior to peak 
labeling. This was observed in both young and adult mice. It is entirely 
possible that these variations were due in a significant part to differences 
in vascularization of the tissues, which vary the availability time. In addi
tion, evidence exists to indicate that endosteal osteoblasts turn over larger 
total amounts of material, exhibiting a shorter half-time (Table II). The 
degree to which each parameter contributed to the observations is un
known. On this basis, the grain count data are representative of a com
plex set of circumstances rather than a simple uptake phenomenon. 
Therefore, comparisons between the data of different cell types or be
tween cells from animals of different ages, must be made only with the 
greatest caution. 

Another difficulty exists when comparing grain count data obtained 
from animals of widely different ages. This difficulty has its basis in the 
likely possibility that the pool size for the particular 3H-amino acid 
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injected differs in young and old animals. Since 3H-amino acids are 
generally administered to animals in μϋ/^ιη body weight, changes in the 
"specific activity" alter the base line for comparison. Unfortunately, the 
body pool size for any given amino acid in animals of different ages is 
not as yet available. Therefore, this parameter must be kept in mind 
when comparing data of animals of different ages. 

Reutilization of previously injected 3H-amino acids is still another 
factor which adds to the complexity of the interpretation of the results. 
Significant amounts of 3H-thymidine available through the breakdown of 
lymphocytes and necrotized liver cells is known to be reutilized by differ
ent cell types [2, 3, 4, 9] . No doubt reutilization also occurs following 
3H-amino acid administration, and to a significant degree. Cortical bone 
serves as an excellent medium for the autoradiographic assessment of the 
degree of reutilization by cells of the skeletal system. It was noted that, 
during the continuous deposition of matrical proteins, the autoradio-
graphs initially revealed an intense band of silver grains which appeared 
to progress away from the cells as new matrix was deposited. These silver 
bands consisted of a dense population of grains with a sharply delineated 
leading edge and an after "trail" of grains showing a decreasing popula
tion density (Fig. 11). Micrometric analysis showed that the initial dense 
bands have a width of <— 9.5 μ, and grain trails of /— 28.5 μ. Approxi
mately 2 days are required to produce the dense band and 6 to 8 addi
tional days for the trail. Since the uptake of injected labeled amino acids 
occurs in minutes while the bulk of matrical proteins is turned over in 
hours, the continued turnover of labeled matrix reflects reutilization. 

It can be seen from Table IV that the number of grains appearing 

TABLE IV. Average Micrometric and Grain Count Analyses of the Matrical Silver 
Bands Appearing in Autoradio graphs over Mouse Femoral Cortex 14 Days 

After 3H-Amino Acid Administration^^ 

Areas studied 
Region Ac 

Region Bd 

Regions A + R 
A + R/R 

Width 
of 

region (μ) 
~ 9.5 
- 2 8 . 5 
- 3 8 . 0 

— 

3H-Glycine 
19.3 
9.0 

28.3 
31% 

3H-Proline 
34.4 
11.5 
45.9 
40% 

a Mice 5 weeks old. 
0 Each value represents 25 measurements. The width was obtained with a filar 

micrometer. The grain counts were made with a reticle having two parallel lines 
equal in distance to the length of the cell responsible for the portion of the band 
being analyzed. 

c The densely populated band initially deposited. 
d The sparsely populated "trail" of silver grains following the initial band. 
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FIG. 11. The autoradiograph of a 5-week-old mouse femur 14 days after 3 H-
proline administration illustrating endosteal bone formation evidenced by the over
lying silver grains. A and B represent rectangles of matrix laid down by a single 
endosteal osteoblast (arrow). A shows the initial band and B the "trail" resulting 
from reutilization of 3H-proline. Hematoxylin stained. Magnification: χ 1000. 
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over the matrix is several times larger than the peak grain counts obtained 
over cells ( ~ 10 grains/cell for 3H-glycine and ^ 4 grains/cell for 3H-
proline 30 minutes after administration of 3H-amino acid). Furthermore, 
the grain numbers found in the trail of the dense bands constitute a 
significant portion of the total number of grains turned over. It seems 
obvious, therefore, that an investigator must exercise prudence in draw
ing conclusions based on autoradiographic grain count data. 

GENERAL CONCLUSIONS 

Earlier reports of autoradiographic studies of the skeletal system using 
3H-amino acids [6, 18, 25, 26, 29, 31, 32, 33] and the present results 
showed that injected amino acids were first utilized by cells for proto
plasmic needs and the manufacture of matrical protein precursors. Up
take of amino acids was extremely rapid at all ages studied and already 
evident within 5 minutes of amino acid administration. Initial turnover 
and peak labeling of cells was noted at about 30 minutes in young mice. 
In older mice, except for metaphyseal endosteal osteoblasts, peak labeling 
was not observed until about 4 hours after administration of 3H-amino 
acids. Cellular labeling diminished with time, so that by 4 hours in young 
and somewhat longer in older mice, few grains were seen over cells. 
Turnover of label, however, did not terminate abruptly after the release 
of the initial pulse of injected amino acid, because of the reutilization 
of the continued supply of labeled products from the breakdown of cells 
and cellular components of other tissues. Reutilization was detected in 
autoradiographs for about 6 to 8 days after administration of labeled 
amino acids. The evidence was recorded in autoradiographs by the 
presence of a "trail" of silver grains over cortical bone. 

Significant variations in uptake and turnover were seen in different 
skeletal cells at all ages; the absolute differences, however, are believed 
to be masked by the availability, reutilization, and dilution of injected 
labeled amino acids. Distribution patterns of silver grains in animals of 
different age were similar for 3H-histidine, -glycine, and -proline. The 
intensity of the markers differed, however, because of the differences in 
specific activity, in autoradiographic exposure time, the number of his-
tidine, glycine, and proline molecules used in the synthesis of a given 
matrical protein, and varied metabolic patterns. 

Endosteal osteogenic cells revealed the highest protein synthetic 
activity followed by cartilage cells of the epiphyseal plate, osteogenic 
cells of the periosteum, and cartilage cells of the articular surfaces. The 
distribution of label in cartilage matrix was diffuse, while in trabecular 
and cortical bone it appeared in discrete bands. As additional matrix was 
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formed, the cartilage label appeared lower down the epiphyseal disc and 
finally within the cartilage cores of developing metaphyseal trabeculae. 
Similarly, trabecular and cortical bands of label appeared farther away 
from the cell source. Because of longitudinal growth, the trabecular 
bands were also seen lower down the metaphysis with increasing time. 
A distinctive pattern of protein synthesis was seen along the periosteal 
and endosteal surfaces of bone, which accounted for the familiar growth 
and remodeling dynamics of the skeleton. The periosteal surfaces were 
active at the proximal half of the mouse femur and the endosteal surfaces 
were active at the distal portion in young mice. The proximal anterior 
periosteal band and distal posterior endosteal band exhibited similar 
average daily rates of protein synthesis, whereas the proximal posterior 
periosteal and distal anterior endosteal bands revealed double the activ
ity. If the different rates of daily synthesis are pooled, approximately 5 μ 
of cortical bone is deposited per day over a 14-day period in the femora 
of 5-week-old mice. 

With respect to variations in protein synthesis with age, a significant 
reduction in activity was seen following cessation of bone formation and 
growth. With increasing time, however, the activity diminished further 
as the effects of aging accumulated. It is of significant interest to note 
that active protein synthesis is apparently not a capacity of old periosteal 
cells, even when traumatized. However, the capacity for cell proliferation 
remains [30] and, following trauma, activation of periosteal cell prolifera
tion results in the formation of a rejuvenated population of both bone 
and cartilage cells capable of intense protein synthetic activity at the site 
of trauma and along the entire shaft. 

Application of isotope methodology and autoradiography has proved 
to be of great utility in expanding our knowledge of understanding of the 
dynamic behavior and potentialities of the skeletal system within the last 
decade. The use of tritiated amino acids has focused our attention on 
protein synthesis and furnished us with several bonuses, namely: (1) a 
better understanding of skeletal growth and remodeling phenomena, (2) 
an appreciation and assessment of varying cellular potentialities in differ
ent kinds of skeletal cell populations, (3) insight into the gerontological 
aspects of skeletal physiology, and (4) an assessment of the magnitude 
of the reutilization phenomenon. 

Although autoradiographic methods and their application are simple 
enough, they are not without limitations and pitfalls. Those difficulties 
which are inherent in the autoradiographic technique itself are well 
known and need not be reiterated. However, difficulties which arise from 
the complex nature of the biological system and which place a serious 
limitation on the interpretation and full assessment of our data are not 
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well known. Needless to say, our understanding of protein synthesis and 
its ramifications through the application of autoradiographic methods will 
be limited so long as our knowledge of availability, reutilization, and 
variations with age in amino acid pool size are limited. 

Since variation is a natural attribute of living things, comparative 
autoradiographic analysis will remain at best semiquantitative, for want 
of an absolute baseline. 

SUMMARY 

A series of autoradiographic studies of the femora of mice 5 to 52 
weeks of age using 3H-glycine, 3H-proline, 3H-histidine were described. 
These studies included the assessment of cellular uptake, utilization, and 
turnover of 3H-amino acids in matrical protein precursor formation. Four 
skeletal cell populations were compared, namely: those of the osteogenic 
layer of the periosteum, metaphyseal-endosteal-osteoblasts, and cartilage 
cells of the epiphyseal plate and articular surfaces. Fracture studies were 
described in an attempt to assess the protein synthetic potential of cells 
at different ages. Micrometric measurements were also made to deter
mine the protein synthetic activity present at various bone surfaces. In 
addition, the degree of 3H-amino acid reutilization was estimated from 
the autoradiographs. 
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DISCUSSION 

D R . GREULICH: I would question the significance of measurements of migration 
rates of labeled bone matrix over long experimental periods. In view of the rela
tively great increase in bone length of the 5-week-old mouse during the 14-day-
period of experimental observation, how significant are data which suggest twofold 
differences in migration rates of labeled matrix in discrete areas of bone? The data 
indicate a comparable rate over a 16-hour period. 

D R . TONNA: The units refer to analysis of specific, comparable regions only. In 
an attempt to produce some constancy in the analytical method, only the regions 
of maximum activity were examined. Obviously, if one were to move away from 
these regions, different values would be obtained. 

D R . LEBLOND: The bands observed in the matrix of bones after injection of 
labeled amino acids are identical to those occurring after injection of organic matrix 
precursors other than amino acids, as described with Greulich after injection of 
14C-bicarbonate (see Bourne, G., "The Biochemistry and Physiology of Bone," p. 325, 
Academic Press, New York, 1956). In fact, these bands behave in the same manner 
as the bands due to labeled bone salts, as observed in undecalcified sections after 
injection of 32P-phosphate (with G. W. Wilkinson, L. F. Belanger, and J. Robichon, 
Am. J. Anat. 1950, 86, 289) . 

D R . BELANGER: The curved radioautographic band observed in rat diaphysis by 
Dr. Tonna differs from the straight band depicted in other investigations (Am. J. 
Anat. 1950, 86, 289) . Is this due to age differences? In young rats (10 gm) , it ap-
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pears that the mid-diaphyseal osteoblasts are more differentiated and perhaps better 
equipped for manufacturing protein. 

D R . TONNA: I am not sure that osteoblasts at mid-shaft differ in activity from 
those elsewhere, although such differences might provide an explanation for the 
curved pattern. It is indeed true that there are differences in the shape and extension 
of the bands at different ages. Variations in band shapes can also be demonstrated 
from one bone to the next in the same animal, or by differences in the plane of 
sectioning. 

D R . LEBLOND: Like Dr. Tonna, we have observed that the bone matrix deposited 
immediately after injection is intensely labeled, while that deposited during the 
next few days is also labeled, though only to a moderate extent, thus constituting 
in radioautographs what Dr. Tonna has aptly called "trail." This trail is probably 
due to the fact that some of the labeled precursors taken up in other tissues may 
be gradually released and then utilized in the region under study. 

The trail may be conveniently reduced by shortening the exposure time. We 
have also tried to do so by administering a chaser, that is, fairly large doses of 
unlabeled amino acid within a short time after injection of the labeled one; but 
this procedure has not been as successful as we had hoped in getting rid of the trail. 

D R . P E L C : A chaser frequently does not work in living animals because of the 
pools in the organism and because the chaser is rapidly converted to a different 
substance, e.g., by phosphorylation. If the concentration of a chaser is high enough 
to be effective, it is likely to be physiologically dangerous. 

D R . FITZGERALD: IS your reactivation of protein synthesis at a distance from 
the site of fracture the result of an increase of vascularity, a locally diffusing "wound 
hormone," or some other triggering mechanism? 

D R . TONNA: The effects do not seem to be due to increased vascularity since the 
changes occur within 12 hours. I do not know the cause of this reactivation, but 
it could be due to a number of interrelated complex parameters such as change in 
0 2 / C 0 2 ratios, changes in pH, etc. 



SYNTHESIS AND TURNOVER OF COLLAGEN IN 
PERIODONTAL TISSUES 

J. CARNEIROi 
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Säo Paulo University, Säo Paulo, Brazil 

INTRODUCTION 

Even if it is not possible here to review the extensive literature on col
lagen formation, a few remarks seem appropriate. In the past, several 
theories have been proposed to explain the origin of collagen fibers. Some 
histologists believed that the fibers were a product of the intercellular 
milieu arising under the influence of enzymes released by fibroblasts, 
while others felt that the fibers were formed within the cells and then 
released to the outside [21]. A third hypothesis was that the fibers arise 
in the extracellular spaces, but as a condensation of material secreted 
by the cells [8]. 

This last hypothesis received considerable support when radioauto-
graphic evidence indicated that the protein collagen arises within the 
cell cytoplasm, but is promptly released to the outside [4]. Since Porter 
and his collaborators [24, 25] had shown that collagen fibers are not 
seen within the cell but are in contact with its outside surface, it was 
concluded that collagen was secreted in the form of a soluble molecule 
which would then be arranged into fibers on the outside [4, 9, 27, 29]. 
Indeed, the soluble form of collagen, the so-called tropocollagen mole
cule, has been shown to be the building stone of collagen fibers [15]. 

Recently we became interested in the formation and metabolism of 
the collagen fibers present in the periodontal membrane. The collagen 
present in this structure showed a high turnover. It was then decided 
to study the time sequence of collagen formation and breakdown in the 
several groups of fibers which constitute the periodontal membrane. 
Other periodontal tissues (bone, cementum) were also examined. Con
sidering that no strictly specific label is available for collagen, we used 
collagenase digestion to test how much of the label injected as 3H-glycine 

1 This work was supported by grants from the Fundagäo de Amparo a Pesquisa 
do Est. de S. Paulo, Conselho Nacional de Pesquisas, the Rockefeller Foundation, 
and the Canadian Medical Research Council. 
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or 3H-proline was really within collagen. Bacterial collagenase appears 
to offer some advantages as a histochemical tool, especially if combined 
with radioautography. 

MATERIALS AND RESULTS 

As collagen is an abundant protein in the body, its formation can 
be studied in many tissues. The organic matrices of bone and dentin 
contain about 95 per cent collagen [28, 34]. These two tissues, by the 
amount of collagen and by the fact that the respective collagen secreting 
cells are oriented, constitute excellent models to study collagen synthesis 
by radioautography [4]. The periodontal membrane, also called ligament, 
which forms the attachment of the teeth to the alveolus, is also rich 
in collagen fibers. These fibers are adherent to the root cement by one 
side and to the alveolar bone or to the cementum of another tooth by 
the other side. They are arranged in bundles which constitute the several 
ligaments classified by Black: (1) trans-septal fibers, going from one 
tooth to the next one, passing over the alveolar crest; and (2) alveohr 
fibers. The latter can be subdivided into four parts, which are (starting 
from the cervical end of the root) crest fibers, horizontal fibers, oblique 
fibers, and apical fibers [11]. 

Two experiments were performed on mice injected with 5 μο per gm 
body weight of 3H-proline (generally labeled; specific activity 43 mc/ 
mmole) or 2-3H-glycine (specific activity 13 mc/mmole). The mice in
jected with 3H-proline were sacrificed at %, 4, 8, and 24 hours after a 
single intraperitoneal injection of the labeled amino acid. In the experi
ment with 3H-glycine, the animals were similarly injected and sacrificed 
/2, 4, and 35 hours, 7 and 45 days after the injection. For comparison, 
other mice received either 4,5-3H-DL-leucine (150 mc/mmole) or 3H-
methyl-DL-methionine (7.2 mc/mmole) and were sacrificed at the same 
time intervals as the ones injected with 3H-glycine. 

In all collagen-secreting cells (fibro-, osteo-, cemento-, and odonto-
blasts), the incorporation of 3H-glycine was much higher than the incor
poration of 3H-methionine or 3H-leucine. The amount of radioactivity 
present in those cells after 3H-proline was comparable with the amount 
found after 3H-glycine, as far as it could be detected by the darkening 
of the photographic emulsion. Indeed all observations made with 3H-
glycine were confirmed in the mice injected with 3H-proline. 

Collagen formation and turnover were studied in osteoblasts of 
alveolar bone, in odontoblasts of incisor teeth, in fibroblasts of peri
odontal membrane, and in cementoblasts of molar teeth. In each case 
the radioactivity was found first in the cells (/2 hour after labeling) and 
then in the extracellular spaces (Figs. 1 and 2). In dentin, cementum, 
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FIG. 1. Radioauto graph of periodontal membrane 30 minutes after injection of 
3H-glycine. The label is mainly intracellular. Only a few grains are seen over the 
intercellular spaces. Radioauto graph exposed 83 days, stained by hematoxylin and 
eosin. Magnification: 700 χ . 
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FIG. 2. Radioautograph of periodontal membrane 35 hours after injection of 

3H-glycine. The label now is mainly extracellular. Radioautograph exposed 83 days, 
stained by hematoxylin and eosin. Magnification: 700 X. 
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and bone, the radioactivity soon decreased in the cells while increasing 
in predentin, precementum, and prebone, respectively (4 hours), ap
pearing later in the calcified part of each tissue (8 hours or more). 

Grain counts made at several time intervals after injection showed 
that once the label is incorporated into the collagen of a calcified tissue, 
it remains unchanged, unless the tissue is resorbed (Fig. 3). In peri-
odontal membrane, however, the high incorporation of the label was 
followed by a rather fast decrease (Fig. 3). This result indicates that 

50r 
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TIME AFTER INJECTION 

FIG. 3. Time sequence of 3H-glycine incorporation into periodontal membrane, 
alveolar bone, and cementum of adult mice. Grain counts made at the level of the 
root apex. Each figure is the average of 20 grain counts in teeth from 2 mice. Vertical 
bars represent standard errors. In bone and cementum, the label stays without ap
preciable change for 45 days, except in areas of resorption. In contrast, there is a 
rapid decrease in the grain counts in the periodontal membrane. Radioautographs 
exposed 83 days. 

collagen turns over in periodontal membrane, whereas it is stable in 
other investigated sites. 

For a more detailed study of periodontal membrane, grains were 
counted over the crest fibers, the horizontal and oblique fibers, and the 
apical fibers (according to Black's classification). It was observed that 
the turnover of collagen is higher in the apical and crest fibers than in 
the horizontal and oblique fibers. 

Effect of Collagenase 
Even if all the evidences show that in collagen-secreting cells most 

of the label injected as proline or glycine is incorporated in newly formed 
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■-Ϊ 

PERIODONTAL MEMBRANE 
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collagen, neither amino acid is specific for collagen. In order to determine 
how much of the label was taken by collagen itself and how much by 
other macromolecules, we used collagenase to remove the labeled col
lagen. Purified Clostridium collagenase is a very specific enzyme which 
does not attack any other protein except collagen [2, 32]. It is inactive 
also against mucopolysaccharides [20]. Young rats (average body weight 
112 gm) were injected with either 3,4-3H-proline (specific activity 5000 
mc/mmole) or 2-3H-glycine (specific activity 107 mc/mmole) and sacri
ficed 20 minutes, 4 (Figs. 4 and 5), and 48 hours after injection. Tissues 
were fixed in Carnoy, embedded in paraffin, and sectioned at 5 μ. Some 
slides were treated by collagenase in distilled water for 5 hours at 37°C 
(Fig. 5). Control slides were incubated with distilled water under similar 
conditions. All slides were then radioautographed. 

At the first time interval (20 minutes) all the label was intracellular. 
About 50 per cent of the radioactivity present in odontoblasts, fibroblasts 
and osteoblasts could be removed by collagenase (Tables I and II) . At 

TABLE I. Effect of Collagenase on Grain Counts over Odontoblasts (Incisor Tooth) 
and Osteoblasts (Alveolar Bone) 

Grains per 
20 minutes 

Odontoblasts 
Control 
Collagenase 

26.6 
12.8 

Osteoblasts 
25.3 
13.5 

136 μ2<* 
4 hours 

Odontoblasts Osteoblasts 
13.8 
11.9 

12.2 
10.5 

a Each number is the average of 20 grain counts made in radioautographs from 
2 rats injected with 3H-proline. 

TABLE II. Effect of Collagenase on Grain Counts over Periodontal Membrane 

Control 
Collagenase 

20 minutes 
10.9 
6.3 

Grains per 136 μ2<* 
4 hours 

12.7 
8.3 

a Each number is the average of 20 grain counts made in radioautographs from 
2 rats injected with 3H-proline. 

4 and 48 hours there was a pronounced decrease in the amount of radio
activity present in these cells. This residual radioactivity was not re
moved by collagenase (Table I) and probably represents labeled struc
tural proteins [and perhaps some ribonucleic acid (RNA) in the animals 
injected with glycine]. However, the label which appeared in prebone 
and predentin at 4 hours and in bone and dentin at 48 hours was com
pletely removed by collagenase (Figs. 6 and 7) . 
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FIGS. 4 AND 5. Radioautographs of periodontal membrane from young rats in
jected with 3H-glycine 4 hours before sacrifice. Figure 4 is a control preparation. 
The section shown in Fig. 5 was treated by collagenase. The enzyme removes a 
large amount of the label. Radioautographs exposed 15 days, stained by hematoxylin 
and eosin. Magnification: 700 X. 



COLLAGEN IN PERIODONTAL TISSUES 2 5 3 

FIGS. 6 AND 7. Radioautographs of incisor teeth from young rats injected with 
3H-glycine 48 hours before sacrifice. Figure 6 is a control preparation, showing a 
layer of radioactive dentin separated from odontoblasts by nonradioactive dentin 
produced after the injected labeled glycine was utilized. The section shown in Fig. 7 
was treated by collagenase, which removes all the label. Radioautographs exposed 
15 days, stained by hematoxylin and eosin. Magnification: 700 χ . 
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The radioactivity present in cells known not to secrete collagen (liver 
cells, epithelial cells) was not removed at all by collagenase. This result 
confirms the specificity of the enzyme. 

DISCUSSION 

Problem of Collagen Labeling 

Stetten and Schoenheimer [36] showed that collagen could be labeled 
by feeding animals with labeled proline, and that the label appears in 
the proline and hydroxyproline of collagen. Later Stetten [35] made the 
observation that labeled hydroxyproline is not incorporated into collagen. 
He concluded that the hydroxyproline of collagen is derived from proline 
and that the conversion takes place after a peptide or larger molecule 
is formed. This is an unfortunate situation, since hydroxyproline on 
account of its specificity would be the best collagen label for radio-
autography. 

In the absence of a specific precursor, several labeled substances 
have been used in radioautographic studies of collagen formation. At 
least for dentin (odontoblasts) it was shown that after injection of r e 
labeled bicarbonate or glucose, the label appears mainly in collagen. 
A much better precursor, however, is 3H-glycine as we showed before 
[4]. This amino acid accounts for 32.5 per cent of all amino acid resi
dues in collagen [3]. 3H-Proline is also a convenient precursor [27, 30] 
since it is incorporated into collagen as proline or hydroxyproline and, 
taken together, these two amino acids constitute 23 per cent of the resi
dues in collagen [3]. We found that 3H-glycine and 3H-proline gave com
parable results. 

Collagen Synthesis and Turnover 

In most organs the turnover of collagen is very slow [23, 37]. Kao et 
al. [18] observed that among aorta, skin, tendon, and uterus only the 
last organ showed appreciable synthesis and turnover of collagen. 

In contrast, the present results show a high rate of synthesis, as well 
as rapid turnover of collagen, in the periodontal membrane. Synthesis 
and turnover are particularly active in the crest and apical fibers. This 
may be a consequence of the lateral pressures and tensions to which 
teeth are subjected during mastication, with the main effect on the 
proximal and distal ends of the root. It was indeed shown that increased 
stress produces a widening of the periodontal membrane [26, 39], while 
disuse produces its atrophy [6, 7]. 

There are in the literature a number of observations which support 
our conclusion that the periodontal membrane is the site of a high col-
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lagen turnover. For example, the periodontal membrane is sensitive to 
conditions which impair collagen synthesis, such as deficiencies in 
ascorbic acid [38] or protein [5, 12, 19, 31]. Both deficiencies are known 
to produce an atrophy of the periodontal membrane, the tooth becoming 
loose in the alveolus. 

It must also be pointed out that collagen is not only the main 
constituent of periodontal membrane [1, 10, 33], but it may be different 
from that found elsewhere, since there is more neutral-soluble than acid-
soluble collagen, contrary to other tissues [22]. As neutral-soluble col
lagen is synthesized before the acid-soluble fraction, a high content of 
the first is characteristic of tissues in which new collagen is being pro
duced. Acid-soluble collagen is formed by aggregation of the smaller 
particles present in the neutral-soluble fraction [13, 14, 16, 17]. 

SUMMARY 

The results presented in this article show that the periodontal mem
brane is the site of a high rate of synthesis and rapid turnover of collagen. 
This result was reached after injection of either 3H-proline or 3H-glycine, 
the most abundant amino acids in collagen. Collagen formation in bone, 
cementum, and dentin was also briefly described. 

Bacterial collagenase was utilized to confirm the nature of the labeled 
material present in collagen-secreting cells after injection of 3H-proline 
or 3H-glycine. Under the conditions of the experiment, the purified en
zyme used did not remove any label from noncollagen-secreting cells 
(liver, kidney), but removed about 50 per cent of the label present in 
the cytoplasm of collagen-secreting cells. The label found in extracel
lular collagen at 4 hours or later time intervals was completely removed 
by the enzyme. 
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DISCUSSION 

D R . TONNA: I agree that the grains over bone represent labeled collagen. After 
all, 95-99% of bone matrix is collagen, while roughly 1% is mucopolysaccharide-
protein. We have been doing similar enzyme treatments of bone and cartilage, and 
have found that, if we extend the period of collagenase treatment, we start remov
ing large chunks of partially digested collagen. Presumably, the ± 1 % mucopoly-
saccharide-protein intimately associated with collagen also comes off physically with 
the collagen. But on the other hand, if one treats bone with hyaluronidase to remove 
only mucopolysaccharide—protein, the decrease in the grain count is so small as to 
be within the error range. Therefore, the removal cannot be detected. 

D R . ROSS: The labeled material present in cells and not removable by col-
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lagenase is of interest. Is it possible that this may represent collagen that is protected 
from reaction with the enzyme, or is it due to proteins that are not susceptible 
to collagenase? 

D R . CARNEIRO: We believe that the radioactivity left in the cells after col
lagenase treatment is in other proteins than collagen. As nascent collagen has the 
same amino acid sequence as mature collagen with only a difference in the proline-
hydroxyproline ratio (which does not affect its susceptibility to the enzyme), it is 
easily digested by collagenase, as was indeed shown by biochemists. 

D R . BELANGER: IS your collagenase bacterial in origin? 
D R . CARNEIRO: There are differences between the collagenase produced by bac

teria and that found in tadpoles. We use that from the bacterium Clostridium his-
tolyticum. This collagenase is purified by ion exchange chromatography (Worthing-
ton Biochem. Corp.) ; only purified collagenase should be used. In our hands, this 
collagenase has given good and consistent results. 

We introduced several modifications to the technique described by Green ( I960) .* 
The sections are covered with a thin celloidin film, and the temperature of the 
enzyme solution is kept constant (37°C) throughout the 5-hour digestion period. 
On each slide of hard tissues, sections of liver are added as controls. Under our 
conditions, collagenase decreased the grain count over liver cells by less than 5%. 
After collagenase treatment of bone or dentin, the noncollagenous elements remain 
in the section. Indeed, cells and their processes are more clearly seen after col
lagenase treatment; the limits of the cytoplasm are clearly defined. 

D R . TONNA: Incidentally, any fixative employing formalin diminishes the ability 
of collagenase to remove collagen. Carnoy fixation is adequate. 

D R . LEBLOND: Some years ago, Hancox observed that osteoclasts placed on a 
gelatin layer dug out a hole in the gelatin. The interpretation may be that osteo
clasts secrete a collagenase, and perhaps they may resorb bone by digesting the 
collagen matrix. 

Recently, Dr. Belanger presented evidence indicating that osteocytes can cause 
resorption of the bone tissue by which they are immediately surrounded. Does Dr. 
Belanger know whether osteocytes (and perhaps also osteoblasts and osteoclasts) 
have the ability to secrete a collagenase? 

D R . BELANGER: When fresh sections of bone are incubated on the surface of a 
photofilm, the gelatin is digested under the large osteocytes. Around these cells, 
alpha-radiographs show decreased organic matrix density, and X-ray microradio-
graphs show concomitant loss of salt. This type of resorption we call "osteolysis," 
to distinguish it from "osteoclasia," which may be a form of phagocytic activity. 

D R . GREULICH: With regard to your interesting finding that the collagen of 
periodontal ligament turns over at a fairly rapid rate, I would like to know if the 
rates of loss of 3H-proline or -glycine from the three regions of periodontal ligament 
differ. 

D R . CARNEIRO: We did not find clear-cut differences in the loss of label from 
the three regions of the periodontal membrane, whatever precursor was used. 

* Green, J. A., Stain Technol 35, 273-276 (1960) . 



SECRETION OF PROTEIN ENZYMES BY THE ACINAR 
CELLS OF THE RAT PANCREAS1 
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INTRODUCTION 

The acinar cells of the pancreas produce the proteins which constitute 
the digestive enzymes of the pancreatic juice. In the rat, the acinar cells 
produce the pancreatic enzymes continuously and at a rather rapid rate 
[14]; these two aspects render the rat pancreas a suitable organ for the 
study of protein secretion. 

The polarized organization of the pancreatic acinar cells has allowed 
an assessment of the sequence and rate of protein secretion with the 
light microscope. In the three concentric zones into which they divided 
the pancreatic acini, Warshawsky et al. [14] measured the relative 
protein concentration as well as the radioactivity at various intervals after 
3H-leucine injection. From the relative specific activities provided by 
these data, they deduced how each cellular zone participates in the 
secretion of protein. First, the protein is synthesized in the basal, i.e., 
basophilic zone of the cell and then it migrates via the middle zone, 
containing Golgi elements and zymogen granules, to the distal zone, 
consisting primarily of zymogen granules; finally it is released in the duct 
system as pancreatic secretion. The synthesis and intracellular migration 
of the protein proceeds amazingly rapidly; the entire process from amino 
acid incorporation to extrusion of the protein has been estimated to last 
approximately 1 hour [6]. 

As is often the case, subdivisions useful in the light microscope do not 
have their counterpart in the equivalent study with the electron micro
scope. Division of the acini into zones, while useful for light microscopy, 
was not suitable for radioautography with the electron microscope; 
instead the clear definition of cell organelles made it possible to assign 
radioactivity to them. Therefore, in the present study protein synthesis 
and migration are considered in terms of the various cell organelles 
involved, independently of the zone in which they are located. 

1 This investigation was supported by grant 5 Tl-GM-721-04 from the U.S. 
Public Health Service. 
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EXPERIMENTAL 

Details of the technique used for radioautography with the electron 
microscope have been previously published [13]. In studies of this nature, 
some quantitative evaluation of the number of grains over cell organ
dies is indispensable. The least bias is introduced in the grain counts if 
the layer of emulsion over the sections is of reproducible and even 
thickness. Pilot experiments revealed that the most even distribution of 
emulsion over the grid was obtained if the grid was placed directly on 

TABLE I. Percentage Distribution of Grains Over the Components of the Pancreatic 
Acinar Cells at Various Intervals after Injection of SH-Leucinea 

Site 

Basal ergastoplasm0 

Golgi complex0 

Zymogen granules 
Acinar lumen** 
Intergranular ergastoplasm0 

Nucleus 
Mitochondria 

S.D./ 

1 
minute 

76 
— 

9 
— 
— 

3 
12 
17 

10 
minutes 

60 
14 
10 
— 

5 
6 
5 
5 

30 
minutes 

27 
13 
38 

1 
18 
2 
1 
5 

1 
hour 

9 
5 

57 
9 

17 
1 
2 
3 

3 ^ 
hours 

19 
3 

53 
5 

14 
4 
2 
6 

12 
hours 

18 
4 

41 
7 

24 
2 
4 
9 

a From H. E. van Heyningen [13]. 
0 Denotes the ergastoplasm in the basal half of the cell, free from zymogen 

granules. 
c Including prezymogen granules. 
d Includes the grains over microvilli. 
e Denotes the ergastoplasm in the upper half of the cell, among the zymogen 

granules. 

f Standard deviation, calculated as . 
n 

the supporting glass slide and a Formvar film covered them both. As to 
the distribution over each square of the grid, a Formvar film reinforced 
with collodion was found to give a more even emulsion layer than a 
Formvar film alone. Therefore preparations were made with collodion-
reinforced Formvar films, which thus served a dual purpose: attachment 
of the grids to the glass slides and support for the sections. These prepara
tions were dipped in Ilford nuclear track emulsion L-4, diluted 1:5 with 
distilled water, then exposed, and finally developed with Kodak Microdol-
X. The material consisted of pancreas of young rats that had received an 
injection of 3H-leucine at various time intervals prior to fixation with 
osmium tetroxide. In the electron micrographs, the distribution of grains 
over the various cell organelles was determined as a function of time 
after injection (see Table I ) . 
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OBSERVATIONS 

The ergastoplasm (granular endoplasmic reticulum) is distributed 
unequally throughout the pancreatic acinar cell. In the basal half of the 
cell, numerous long flat parallel cisternae, studded with regularly spaced 
ribosomes, occupy the entire space between nucleus and plasma mem
brane except for a few mitochondria. This region (termed basal ergasto
plasm) corresponds to the strong basophilia seen with the light 
microscope. In the apical half of the cell the many zymogen granules 
leave only little space for the ergastoplasm (termed intergranular 
ergastoplasm), in which, compared to its basal counterpart, the cisternae 
tend to be wider and much shorter, with more free ribosomes between 
them. 

As early as 1 or 2 minutes after injection of 3H-leucine, a few silver 
grains were present over the pancreatic acinar cells and nearly all of 
these were over the basal ergastoplasm (Fig. 1). Since these intervals 
are presumably too short for any appreciable protein migration, and 
since free amino acids do not register [2], these grains should signify 
only newly synthesized protein. It may be concluded that the synthesis 
of protein occurs in the basal ergastoplasm. The lack of grains over the 
intergranular ergastoplasm may indicate absence of protein synthesis in 
this location, or else may be due to the low total radioactivity at these 
early intervals. 

The resolution of the present technique allows the localization of the 
protein synthesis in the ergastoplasm irrefutably, but does not reveal 
whether the ribosomes, the membranes, or the contents of the ergasto-
plasmic cisternae are involved. However, in the thyroid gland where the 
cisternae are naturally dilated, the silver grains at early intervals after 
3H-leucine injection straddle the ribosome-studded membranous walls 
of the ergastoplasmic cisternae, whereas at later intervals they overlie 
the cisternal contents [7]; apparently, the protein is synthesized in the 
membrane-bound ribosomes, from where it migrates into the cisternal 
lumen. In analogy with the findings in the thyroid, it is likely that the 
pancreatic protein follows the same course, i.e., synthesis in the ribosomes 
and subsequent migration into the narrow cisternal lumen. That the 
ribosomes are responsible for the synthesis of enzymic proteins has also 
been demonstrated in biochemical studies on the pancreas of the guinea 
pig [12]. Ribosomes being the site of protein synthesis is in concordance 
with current views on the involvement of the three classes of ribonucleic 
acid (RNA) in protein synthesis [15]. In fact, arrays of ribosomes 
(termed polysomes or ergosomes) can be considered the assembly lines 
for the mass production of protein [ 10]. 



264 HUBERTA E. VAN HEYNINGEN 

FIG. 1. Portion of several pancreatic cells at the periphery of an acinus; nucleus 
(N) of one of acinar cells at left, endothelium of a capillary (C) at right. This 
preparation was obtained from pancreas fixed 1 minute after the injection of 3H-
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The Golgi complex is located approximately in the center of the acinar 
cell, with fractions among the zymogen granules. The elements of the 
Golgi complex (Fig. 3) comprise: numerous small vesicles (also called 
microvesicles); stacked smooth-surfaced flattened cisternae (also called 
saccules), some of which are in part distended to vacuoles; and separate 
Golgi vacuoles. Frequently, granules less dense than zymogen granules, 
but in the same size range, are present in the Golgi complex. They are 
called prezymogen granules and, because of their spatial relationship to 
the Golgi region, they will be considered here with the other Golgi 
elements. 

Whereas at early intervals after 3H-leucine injection, the Golgi 
complex is not labeled, there is a definite reaction at later intervals (10, 
20, and 30 minutes; see Figs. 3 and 4). Since 10 minutes may be sufficient 
time to allow intracellular protein migration, and since the Golgi complex 
was not labeled at earlier intervals, the labeled protein in the Golgi must 
have come from the basal ergastoplasm. Thus, the newly synthesized 
protein migrates from the basal ergastoplasm to the Golgi complex. To 
know the exact way by which the protein passes through the Golgi 
complex is of fundamental importance. At the intervals studied, silver 
grains were present over Golgi vesicles, saccules, and vacuoles, as well 
as over prezymogen granules, but the percentages were not sufficiently 
diverse to suggest a time sequence within the Golgi complex. The first 
of the Golgi elements to contain the newly synthesized proteins may be 
the vesicles. In the pancreas of the guinea pig, electron microscopic radio-
autographs showed the radioactivity in the Golgi vesicles to precede 
that in the other Golgi components [1]. Morphological evidence has 
suggested that the Golgi vesicles originally arise as smooth-walled "blebs" 
budding off from the ergastoplasmic cisternae [16]. These observations 
would assign to the Golgi vesicles the role of taking the protein from the 
ergastoplasmic cisternae to the Golgi complex. 

On the other hand, the form in which the protein departs from the 
Golgi complex may be the prezymogen granules. The frequent demon
stration of continuous series linking empty Golgi vacuoles to dense, 
mature zymogen granules [3, 9] provides morphological evidence that 

leucine. The silver grains are located over the granular endoplasmic reticulum (ergas
toplasm), indicating the presence of labeled protein which, in view of the short time 
interval involved, must have been synthesized there. The synthesis of protein is thus 
believed to occur in the basal ergastoplasm. 

FIG. 2. Corner of a pancreatic acinar cell, occupied by tip of nucleus ( N ) , a 
few stray zymogen granules (Z ) , and abundant ergastoplasm ( E ) . This preparation 
was obtained from pancreas fixed 10 minutes after the injection of 3H-leucine. Many 
grains are still found over the basal ergastoplasm at this time. 
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FIG. 3. Golgi region of a pancreatic acinar cell 10 minutes after injection of 
3H-leucine. Various elements of the Golgi complex are labeled, e.g., small vesicles 
( G ) , saccules ( S ) , prezymogen granules ( P ) , as well as a zymogen granule (Z ) . 



SECRETION OF PROTEIN ENZYMES 267 

the prezymogen granules be considered immature zymogen granules, 
which would contain the protein leaving the Golgi complex. Although 
radioactivity appears in the prezymogen granules at about the same time 
as the other Golgi elements are labeled (Fig. 3), this does not necessarily 
deny its later rank in the Golgi sequence, but may simply allude to the 
speed with which the protein traverses the Golgi complex. 

The zymogen granules occupy predominantly the apical half of the 
acinar cell. Generally they are spherical, have a homogeneous, electron-
opaque content, and are enclosed in a smooth membrane. Already at 
30 minutes after injection of 3H-leucine, numerous zymogen granules 
are labeled, but the peak of radioactivity in the zymogen granules was 
found at 60 minutes (Fig. 5). Since at that interval the Golgi complex 
is no longer labeled significantly, the labeled protein in the zymogen 
granules must have come from the Golgi complex. Thus, the labeled 
protein migrates in the form of zymogen granules from the Golgi complex 
to the apex of the cell. 

At still later intervals (3τ/2 and 12 hours), most of the labeled protein 
has left the acinar cells, but some of the remaining radioactivity can be 
found in the zymogen granules. This may imply that the zymogen 
granules which were formed first do not necessarily also leave the acinar 
cell first. 

The acinar lumen is located between the apices of the acinar and oc
casional centroacinar cells and may have canalicular extensions between 
adjacent acinar cells. After 3H-leucine injection, the lumen was found 
to be labeled significantly at the 60-minute interval only (Fig. 5). The 
lack of radioactivity in the lumen at later times suggests that the protein 
released by the zymogen granules does not remain in the lumen, but 
immediately proceeds further. 

The manner of release involves the fusion of the membranes of 
granule and cell apex, so that the content of the zymogen granule 
becomes continuous with the lumen. In this location the appearance of 
the zymogen is often different from that in intact zymogen granules; a 
possible explanation may be provided by the finding that a greater 

Grain at left (heavy arrow) is still over the ergastoplasm. It is believed that the 
labeled protein migrates from the ergastoplasm to the Golgi complex where, with 
prezymogen granules as an intermediate step, it is packaged into zymogen granules. 
The simultaneous labeling of the various components alludes to the rapidity of the 
process. 

FIG. 4. Golgi complex of a pancreatic acinar cell, 30 minutes after injection of 
3H-leucine. The grains over the Golgi complex are regarded as being due to pro
tein, which has migrated here from the basal ergastoplasm. 
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FIG. 5. Apices of pancreatic acinar cells, encircling an acinar lumen ( L ) . This 
preparation was obtained from pancreas fixed 60 minutes after injection of 3H-leucine. 
Many zy mögen granules are labeled and apparently contain the protein, which was 
packaged in the Golgi complex. The grains over the acinar lumen are presumably 
due to protein released by zymogen granules into the lumen. 
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dilution or a change in pH brings about alterations in the solubility 
properties of the zymogenic proteins [3]. 

Besides the zymogenic proteins, which are released into the lumen 
(the so-called exportable proteins), the acinar cell also contains sedentary 
proteins, i.e., proteins which are part of the framework of the cell itself. 
These proteins are synthesized simultaneously with the zymogenic pro
teins, but at a much slower rate. Nadler [6] has estimated that the turn
over time of the sedentary proteins is in the order of 62.5 hours, versus 
3-6 minutes for the exportable proteins in the ergastoplasm. At the later 
intervals (3τ/2 and 12 hours) after 3H-leucine injection, when most of the 
exportable proteins have left the acinar cell, some of the remaining 
radioactivity is found in the basal and intergranular ergastoplasm. This 
persistent label presumably represents sedentary proteins in the acinar 
cells. 

The nucleus is located centrally in the basal half of the cell, and the 
mitochondria are located anywhere throughout the cytoplasm, but fre
quently line up along the plasma membrane of the basal half of the cell. 
At all intervals studied these cell organelles account for only a small 
percentage of the silver grains observed. Even though at no interval was 
their labeling significant, the few grains present may possibly also 
represent sedentary proteins in these organelles. 

DISCUSSION 

The pattern of protein secretion described in the pancreas of the rat 
[13,14] agrees closely with that observed in the fasted and refed guinea 
pig [1]. One point of difference, however, may be the condensing 
vacuoles of the guinea pig which, originating as Golgi vacuoles, gradually 
accumulate heterogeneous flakes of a material of the same density as 
that of the zymogen granules, until they become identical to mature 
zymogen granules. The heavy labeling of these condensing vacuoles at 
an interval preceding the labeling of the zymogen granules sustains the 
theory that these vacuoles are indeed the precursors of the mature 
zymogen granules. In the normal rat pancreas these condensing vacuoles 
are not encountered, but it is believed that they correspond to the prezy-
mogen granules discussed above. 

The described sequential involvement of cell organelles in protein 
secretion is not unique for the pancreas. Other cell types to which 
electron microscopic radioautography has been applied, e.g., the fibro-
cytes of healing wounds [11], the chondrocytes of differentiating cartilage 
[8], the fibroblasts and epidermal cells of salamander skin [4], and the 
follicular cells of the thyroid gland [7], all exhibit the same successive 
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labeling of cell organelles as in the pancreas. In all these cell types the 
same basic pattern is followed for the production of extracellular protein. 
First the protein is synthesized in the granular endoplasmic reticulum. 
From there the newly synthesized protein migrates to the Golgi complex, 
whose role may involve the packaging of the protein into membrane-
bound granules (pancreas), vacuoles (chondrocytes), or small vesicles 
(thyroid). In addition, indirect evidence has suggested that in the Golgi 
complex carbohydrate components may be added to the secretory 
product [7]. From the Golgi complex the protein migrates in the form 
of granules, vacuoles, or vesicles to the surface of the cell and is finally 
released into the extracellular compartment. 

SUMMARY 

The secretion of protein enzymes by the acinar cells of the pancreas 
can be divided into three steps: protein synthesis, migration, and release. 
The synthesis of the protein occurs in the basal ergastoplasm, presumably 
in relation to the ribosomes. From there, the newly synthesized protein 
migrates, possibly via the lumen of the ergastoplasmic cisternae, to the 
Golgi complex. In the Golgi complex the protein eventually accumulates 
in prezymogen granules, which later become zymogen granules. In this 
form the protein then migrates to the apex of the cell, where it is released 
from the zymogen granules into the acinar lumen. 
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DISCUSSION 

D R . Ross: How do you explain the increase in per cent label over basal 
ergastoplasm after it had already increased, realizing this is a relative percentage? 

D R . VAN HEYNINGEN: Since after 60 minutes most of the radioactivity has left 
the acinar cells, the percentages at 3τ/2 and 12 hours are taken from a smaller total, 
and thus represent only a small amount of radioactivity. 

D R . GOLDSTEIN: Why do you believe that 1 minute is too short an interval after 
administration of labeled amino acid for it to be incorporated into protein somewhere 
in the organism and then migrate to the endoplasmic reticulum of the pancreas? 

D R . VAN HEYNINGEN: If the protein would migrate from the periphery of the 
cell inward, the grain concentration would be expected to be initially higher over 
the periphery of the cell than over the more interior ergastoplasm; with time, the 
situation would be reversed. However, when I counted the grains over the peripheral 
and the interior ergastoplasm as two separate categories, this was not the case; the 
ratio of the two percentages did not change with time, so supposedly protein syn
thesis occurs in the ergastoplasm and, in fact, in both regions simultaneously. 

D R . P E L C : Diffusion rates in water are of the order of 10-20 μ per second for 
substances with a molecular weight of 200-300. We found by water-soluble auto-
radiography a speed of the order of 1-2 μ per second for 3H-thymidine moving from 
the peritoneum into the intestinal epithelium across the smooth muscle, etc. 

D R . LEBLOND: Specific activity measurements ( that is, ratio of grain counts over 
protein content) were carried out with Warshawsky and Droz in rats given 3H-leucine 
using three zones of pancreatic acini: ergastoplasm, proximal zymogen region (con
taining the Golgi complex and zymogen granules), and distal zymogen region (con
taining only zymogen granules) (/ . Cell Biol. 1963, 16, 1) . Calculations were made 
by Nadler using the classic method, which assumes that, under steady state con
ditions, any entering molecule mixes instantly with those already present, and that 
any molecule in the pool has equal probability of departing. With these assumptions, 
mean turnover time of the label was about 5 minutes in the ergastoplasm and 12 
minutes in the Golgi complex. These results indicate that the synthesis of protein, 
their migration to the Golgi, and their packaging as zymogen granules in this zone 
are extremely rapid phenomena. 

D R . NADLER: The concept of turnover time which classically refers to the time 
taken to replace an amount equal to the contents of a pool may not strictly apply 
when we begin to peer into minute structures such as the ergastoplasm or the Golgi 
complex. For instance, consider what might be going on in the cisternae of the 
endoplasmic reticulum. There, instead of each molecule having equal probability of 
departing, the newly synthesized molecules could be moving along in a more or less 
orderly procession from the sites of entry to those of exit. In such a case, it may be 
more appropriate to speak of the rate of migration of molecules, rather than of turn
over time. The turnover time might then become the "mean transit time." 

The experimental evaluation of turnover time (mean transit time) of the protein 
label has practical applicability. In a preliminary theoretical approach to this problem 
(unpublished), the average speed of migration of labeled protein molecules in the 
cisternae of acinar pancreatic cells has been calculated. Using the 5 minute figure 
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quoted by Dr. Leblond as mean transit time, and estimating the longest dimension 
of the membranes of the endoplasmic reticulum to be of the order of 5 μ, it works 
out that the average speed of migration of protein molecules in the cisternae may be 
of the order of 0.5 μ per minute. Therefore, in answer to Dr. Goldstein's question, 
even if we disregard the time taken for the synthesis of new protein, I suspect that 
if, 1 minute after injection of a labeled amino acid, the label is found throughout the 
ergastoplasm, then this would represent its site of synthesis. Indeed, 1 minute is too 
short a time for a protein molecule migrating at that rate to spread throughout the 
ergastoplasm from another site. The ergastoplasm would thus be the site of synthesis. 



SYNTHESIS AND SECRETION OF COLLAGEN BY 
FIBROBLASTS IN HEALING WOUNDS1 

RUSSELL ROSS2 

Departments of Pathology and Oral Biology, Schools of Medicine and 
Dentistry, University of Washington, Seattle, Washington 

INTRODUCTION 

Collagen, the principal structural protein of the connective tissue, con
stitutes approximately one-third of all body protein, and serves not only 
in the function of support, as in cartilage, bone, and tendon, but also as 
part of a milieu for the transmission of, and interaction between, many 
important substances. The healing skin wound presents an opportunity 
for the study of the role played by the fibroblasts in the synthesis of this 
protein. A clearer understanding of how the fibroblast functions in wound 
healing would provide a basis for further examination of the pathological 
alterations of this important biological process, as well as the more 
fundamental problems associated with protein synthesis. 

The fibroblast, like the osteoblast and the chondroblast, has been 
shown to contain a configuration of organelles and subcellular systems 
consistent with that demonstrated in cells actively engaged in the 
synthesis of protein for export [9, 14, 16]. The principal morphological 
feature of this cell is the very extensive development of the rough 
endoplasmic reticulum, apparently randomly dispersed throughout its 
cytoplasm. In addition, the fibroblast contains an abundant Golgi com
plex, numerous mitochondria, vesicles, vacuoles, dense bodies, and 
peripheral cytoplasmic aggregates of filaments, measuring approximately 
50 A in diameter [11, 14, 16]. This cell type usually contains a large 
nucleus with a prominent nucleolus as well. From cell to cell within a 
wound there is no apparent, orderly arrangement of the organelles of 
the fibroblast such as that seen in the pancreatic acinar cell (Fig. 1) [20]. 

The characteristic polarity of the organelles of the acinar cells of the 
pancreas facilitates autoradiographic studies of this particular organ, 
whereas the apparently random distribution of the organelles of the 

i Supported by grants DE-01703-03 and HE-03174 from the U.S. Public 
Health Service. 

2 Dr. Ross is the holder of a Career Development Research Award (DE-K3-9053) 
from the U.S. Public Health Service. 
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FIG. 1. This electron micrograph is from a representative area of a 7-day-old 
skin wound in a guinea pig. The fibroblast in this picture is surrounded by numerous 
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fibroblast adds a degree of complexity to any interpretation of auto-
radiographic studies of protein synthesis by the cells of the connective 
tissues. 

Electron microscope autoradiography has been used to examine the se
quence of participation of the various cellular organelles during the proc
esses of synthesis and secretion of the collagen molecule into the extra
cellular environment [7, 13]. This same approach in studies of the 
regenerating limb bud, pancreatic acinar cells, and the thyroid is 
demonstrated in several of the chapters in this symposium. The purpose 
of this chapter is to present the results of investigations of the utilization 
of tritiated proline by wound fibroblasts as seen by high resolution auto
radiography. This will be discussed further in relation to the problems 
of quantitative electron microscope autoradiography. In addition, pre
vious studies of healing wounds using techniques of light microscope 
autoradiography will be reviewed. 

LIGHT MICROSCOPE AUTORADIOGRAPHY 

Earlier studies utilizing 3H-glycine and 3H-proline were performed 
in guinea pigs weighing approximately 300 gm containing a series of 
7-day-old wounds. Wounds were removed at 30 minutes, 1 and 4 hours, 
1, 3, and 7 days after the intraperitoneal administration of the labeled 
amino acid. This time period was chosen because the cells of the wounds 
are actively engaged in collagen synthesis during this interval. The 
wounds were fixed in 1.5 per cent glutaraldehyde for 2 hours, then post-
fixed in 2 per cent osmium tetroxide for 1 hour and subsequently embed
ded in epoxy resin. The light microscope autoradiographs were prepared 
with 1 μ sections cut from the epoxy-embedded wounds. Representative 
autoradiographs at 1 hour and 24 hours after the administration of 3H-
proline are shown in Figs. 2 and 3. The observations of these autoradio-
graphic studies were quantitated by determining the number of grains 
per unit area of cells and extracellular collagen at each time period, using 
a modified Chalkley procedure [2, 15]. The results of the quantitative 
evaluation of these investigations are presented in Fig. 4. These investiga
tions, and those of others [3, 7], have demonstrated a passage of amino 
acid through the cells and into the collagen. 

The combination of /2-1 μ sections of epoxy-embedded tissues covered 

collagen fibrils (c ) and ground substance. The extensive ergastoplasm (er) so char
acteristic of these cells is evident, as well as numerous mitochondria (m) and a 
portion of the nucleus ( N ) of this cell. Peripheral cytoplasmic aggregates of filaments 
(a ) and two sites where the ergastoplasmic cisternae appear to lose their ribosomes 
and merge with the plasma membrane (arrows) are noted. Magnification: 29,600 X. 
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by thin layers of uniform nuclear track emulsion provide optimal resolu
tion for autoradiographs at the light microscope level. A number of 
different stains can be used after developing the autoradiographs to 
provide good contrast. Beyond the advantage of optimum resolution, 
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FIG. 4. This graph is a composite of the numbers of counts obtained from a 
series of normal guinea pigs administered 3H-proline, after 5 weeks exposure of the 
slides. The points represent means, and the bars, the standard errors for each mean. 
The abscissa represents the time periods after intraperitoneal injection. It can be 
seen that the fibroblasts rapidly take up the label, and are maximally labeled within 
1 hour and remain heavily labeled until 4 hours, after which they lose their content 
of isotope. Concomitantly, the collagen is rapidly labeled from 30 minutes to some
where between 4 and 24 hours. 

however, this approach also enables the observer both to visualize and 
to photograph the specimens with the tissue and the developed silver 
grains in the same focal plane, thus facilitating observations in these 
studies. Further information regarding the participation of the various 
subcellular constituents in the passage of amino acid through the 

FIG. 2. A light microscope autoradiograph from a 7-day wound 1 hour after 
the administration of 3H-proline. The cells are seen to contain most of the label at 
this time. Magnification: 2000 X. 

FIG. 3. An autoradiograph from another wound from the same animal as that 
seen in Fig. 2. In this case the wound was removed 24 hours after giving 3H-proline. 
Here the isotope is located primarily over the extracellular collagen fibrils. Mag
nification: 2000 X. 

v 
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fibroblasts is provided by examining electron microscope autoradiographs 
of a similar sequence. Since the fibroblast does not display an orderly 
arrangement of its organelles, a quantitative study of this phenomenon 
would be helpful in obtaining a clearer understanding of this process in 
this particular cell type. 

MATERIALS AND METHODS 
Male guinea pigs weighing 250-300 gm were wounded with 6 linear 

incisions in the dorsal skin. The wounds were allowed to heal for 7 days, 
at which time each animal was given 3,4-3H-L-proline (20 μο^πι body 
weight). A wound from each animal was removed 15 and 30 minutes, 
and 1, 2, 4, 8, and 24 hours after the administration of 3H-proline. These 
wounds were routinely prepared for electron microscopy after being 
fixed with 1.5 per cent glutaraldehyde and post-fixed with 2 per cent 
osmium tetroxide. Sections (ca. 1000 A thick) were subsequently coated 
with Ilford L-4, nuclear track emulsion and were exposed for 10 weeks 
prior to developing them. Further details may be found in a previous 
article of Ross and Benditt [17]. 

Randomly taken electron microscope autoradiographs were counted 
by a modified Chalkley procedure [2] to determine the number of grains 
per unit area of endoplasmic reticulum. Golgi complex, peripheral cyto
plasm, and extracellular collagen for each time period. A clear plastic 
grid containing 450 intersections was used to determine the per cent 
area in each micrograph occupied by each of the organelles. The number 
of silver grains overlaying each compartment was also tabulated. From 
these observations, a determination of the number of silver grains per 
unit area of each compartment was derived for each micrograph. In 
marginal cases, if two thirds or more of a grain lay over an organelle, the 
grain was counted as related to that organelle. If the grain appeared to 
be equally distributed over two structures, a coin was flipped. The errors 
inherent in this approach will be discussed elsewhere in this chapter, 
as well as in the other presentations in this symposium. 

The intracellular compartment labeled "peripheral cytoplasm" con
sisted of peripheral vesicles, vacuoles, or peripheral cytoplasmic ag
gregates of fine filaments. It was not always possible to determine which 
of these underlay a grain; therefore, they were lumped into this single 
category. 

ISOTOPE LOCALIZATION IN SUBCELLULAR COMPARTMENTS 

Fifteen minutes after the administration of 3H-proline, large numbers 
of silver grains can be seen to be located primarily in relation to cisternae 
of rough endoplasmic reticulum. This is easier to visualize in those cells 
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where the cisternae are sufficiently dilated so that the problem of 
determining whether the silver grains are located close to ergastoplasmic 
ribosomes or cisternal contents is easier to resolve. There are some grains 
located over Golgi vesicles and cisternae as well at this time; the largest 
proportion, however, lay over the rough endoplasmic reticulum. There is 
very little extracellular label present at this time (Fig. 5). 

Within 30 minutes of giving 3H-proline, the localization is similar to 
that seen at 15 minutes, although there are more silver grains present 
over the Golgi complex. At this time a relatively small number of grains 
lay over peripheral cytoplasm and extracellular collagen fibrils. Many of 
the profiles of the rough endoplasmic reticulum display developed silver 
grains over them as well (Fig. 6). 

At 1 and 2 hours the amount of label over the ergastoplasm and 
Golgi complex remains high, and the number of silver grains over 
peripheral cytoplasmic constituents and collagen continues to increase 
(Figs. 7 and 8). 

Beyond 2 hours a decrease in the amount of isotope related to both 
the ergastoplasm and the Golgi complex can be seen. The amount of 
label over peripheral cytoplasmic components is high after 4 hours, and 
collagen appears to continue to increase in its content of labeled proline. 

Eight hours after 3H-proline administration, the number of silver 
grains over the cellular constituents has decreased, with the exception of 
the peripheral cytoplasmic elements, whereas the amount of label over 
the collagen fibrils remains high (Fig. 9). This pattern continues through
out the remainder of the 24 hours of observation in this experiment 
(Fig. 10). 

These observations are consistent with those previously demonstrated 
for the pancreatic acinar cell [5, 19], the chondroblast [12], and the thy
roid [8]. In those studies the sequence of passage of amino acid through 
the cells was from ergastoplasm to Golgi, to secretion vesicles, or zymo-
gen granules, with eventual secretion from the cells after varying periods 
of storage. 

QUANTITATION 

Two types of quantitative data were obtained from the results of 
these studies. They consisted of: (a) determinations of the relative 
distribution of isotope in each of the compartments (in per cent) with 
time and (b) the distribution of the concentration of isotope (in numbers 
of grains per unit area of organelle) in each organelle with time. 

The results of the relative distribution of developed silver grains are 
presented in Table I. These results are compatible with the qualitative 
observations already described. 
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FIG. 5. An electron microscope autoradiograph 15 minutes after 3H-proline 
administration. The developed silver grains are located primarily over rough endo-
plasmic reticulum (e r ) . Two grains are present over peripheral cytoplasmic struc
tures (arrows) as well. In the vicinity of the Golgi complex (G) the ergastoplasmic 
membranes are devoid of ribosomes and one silver grain is located between these 
two components. Magnification: 25,200 X. 
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FIG. 6. A fibroblast from a wound 30 minutes after giving 3H-proline is seen 
in this autoradiograph. In this particular cell, both Golgi ( G ) components and 
ergastoplasm (er) are labeled. An area of proximity between ergastoplasm and the 
plasma membrane is denoted by an arrow. Magnification: 19,800 X. 
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FIG. 7. An autoradiograph from a 7-day-old wound l hour after administering 
3H-proline. The organelles labeled in the fibroblasts in this micrograph are the 
ergastoplasm (er) and Golgi complex ( G ) . Two centrioles (ce) are also visible in 
this cell. Magnification: 17,600 X. 
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FIG. 8. An autoradiograph 2 hours after 3H-proline administration. Parts of 
two fibroblasts are present in which the rough endoplasmic reticulum (er) and 
Golgi zones (G) appear to contain the amino acid. Magnification: 16,200 X. 



FIG. 9. This micrograph is from a 7-day wound 8 hours after the intraperitoneal 
administration of 3H-proline. Ergastoplasm (er) and peripheral cytoplasmic vesicles 
(arrows) are labeled. One silver grain lay equally over collagen and cell periphery and 
it is not possible to determine the site of its origin. A large mitochondrion ( m ) , possibly 
an artifact of fixation, is seen in this cell as well. Magnification: 19,000 χ . 
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FIG. 10. An autoradiograph 24 hours after giving 3H-proline. In this case the 
extracellular collagen fibrils are the only elements containing isotope in this picture. 
Magnification: 15:300 X. Reproduced with the permission of Pergamon Press [13J. 
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TABLE I. Rehtive Distribution of Activity with Time 

Location 

Ergastoplasm 
Golgi 
Peripheral 

cytoplasm 
Collagen 

15 Min 

74 
8 

4 
8 

30 Min 

59 
14 

10 
10 

Percentage activity 

l H r 

48 
15 

12 
17 

2 H r 

35 
11 

13 
35 

4 H r 

28 
4 

15 
46 

8 H r 

13 
3 

20 
51 

24 Hr 

6 
2 

7 
78 

The observations of the change in concentration of developed silver 
grains with time are presented in Table II and Fig. 11. Several important 
similarities and differences are discernible on comparing the observations 
of the relative distribution of isotope (as per cent) with the concen
tration of isotope (as grains per unit area). These are described below. 

Ergastoplasm 
Both the relative numbers of grains and the concentration of label 

are at a maximum in the ergastoplasm 15 minutes after the intraperitoneal 
administration of 3H-proline. However, beyond this initial maximum, 
the relative amount of label appears to decrease in the ergastoplasm, but 
the concentration remains at this maximal level for 2 hours before it 
begins to drop off. This is probably related to the length of time required 

FIG. 11. Concentration of activity of 3H-proline in organelles or collagen with 
time. This histogram represents the change in concentration of silver grains with time 
over the four compartments measured in this study. Each bar represents the mean, 
and the standard errors for each of these means can be found in Table II. 



Location 

Ergastoplasm 
Golgi 
Peripheral 

cytoplasm 
Collagen 

TABLE 11. Chang 

15 Minutes 

Mean 

30.3 
13.3 

2.6 
1.9 

SE 

±3 .0 
±3 .9 

± 1 . 1 
± 0 . 8 

e in Concentration (in 

30 Minutes 

Mean 

25.0 
22.5 

7.3 
3.1 

SE 

± 1 . 7 
± 3 . 9 

± 1 . 6 
± 0 . 7 

number 

l H o u r 

Mean 

26.5 
29.9 

9.9 
10.6 

SE 

± 2 . 7 
± 3 . 0 

± 1 . 8 
± 1 . 8 

of grains/unit 

2 Hours 

Mean 

28.0 
24.9 

16.8 
20.7 

SE 

± 1 . 9 
± 5 . 5 

± 3 . 1 
± 1 . 8 

area) of Compartment with Time 

4 Hours 

Mean 

20.2 
15.1 

18.8 
25.5 

SE 

± 1 . 8 
± 3 . 2 

± 2 . 8 
± 2 . 4 

8 Hours 

Mean 

6.6 
6.5 

13.1 
22.8 

SE 

± 1 . 0 
± 1 . 2 

±0 .9 
± 2 . 5 

24 Hours 

Mean 

6.0 
3.4 

8.9 
26.2 

SE 

± 2 . 0 
± 2 . 5 

± 2 . 7 
± 2 . 4 
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for the isotope to arrive in the tissues after intraperitoneal administration, 
and reflects the absence of a true "pulse" of label. 

Golgi 
The relative amount of 3H-proline in the Golgi zone never reaches that 

found in the ergastoplasm (Table I ) ; both of these compartments, how
ever, attain the same maximum concentration of isotope (Table II) . 
In addition, the concentration of proline in the Golgi complex appears to 
begin to decrease before it does so in the ergastoplasm. Unfortunately 
the limitations in the resolution of this technique do not permit a clear 
differentiation between these two events. This is discussed in greater 
detail below. 

Peripheral Cytoplasm 
Even at its maximum, the relative amount of label in this compart

ment, like the Golgi, remains low. The relative amount of label (per 
cent) does not reach a maximum until 8 hours after giving 3H-proline; 
however, the concentration of label in this zone (Table II and Fig. 11) 
reaches a maximum 2 hours after administration of the isotope, and 
begins to decrease later than that in both the ergastoplasm and the Golgi 
complex. 

Collagen 
The relative grain count (per cent) continues to increase until 24 

hours, whereas the concentration of isotope reaches a maximum within 
4 hours, and then becomes stable (Fig. 11). 

There is a continual shift in the position of labeled amino acid as it 
passes from one compartment of the cell to another during the processes 
related to synthesis and secretion of collagen. Such motion precludes the 
possibility of detecting a clear picture, by determination of relative activ
ity alone (per cent), of the passage of label through each compartment 
except at the very beginning and end of the process. To do this, it is 
advantageous to determine the concentration of proline in each compart
ment with time. This would serve as an approximation of the specific 
activity in each organelle with time. If any subtleties exist in the path
way taken by the label, or if there is more than one pathway, then each 
individual route would not be evident if only a determination of relative 
amounts of label were available, as in previous studies [5, 19]. 

Unfortunately, there are limitations to the accuracy of concentration 
determinations when emulsions with silver grains the size of those in the 
Ilford L-4 emulsion (0.14 μ) are used. Elsewhere in this symposium 
Salpeter has presented the mathematical basis for calculating the com
bined error due to photographic and geometric errors in electron micro-
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scope autoradiographs. Caro [4] has also discussed the problem of resolu
tion. With the Ilford L-4 emulsion it is not possible accurately to relate 
the filamentous silver grains to objects much smaller than 0.35 μ [1]. 

It is less difficult to relate developed silver grains to the ergastoplasm 
and the Golgi complex than other structures in the fibroblasts, as the 
former are usually sufficiently large to establish such a relation. However, 
in the case of peripheral cytoplasmic elements or smaller structures, it 
is not possible to determine which organelle is related to a developed 
grain. Although the calculated maximum error imposes restrictions on an 
analysis of grain distribution, a pattern of distribution with time is quite 
apparent, and a quantitative approach affords further possible insight 
into this data. 

The major limitations in the interpretations of these autoradiographic 
studies are the lack of information concerning specific activities in the 
tissue of the substances being studied and the absence of a steady state. 
Such information would permit a kinetic analysis of the data that is not 
presently possible. The quantitation of grain concentration in cell or-
ganelles with time can only serve as a crude approximation to the spe
cific activities in tissue, but unfortunately this is the best form of data 
presently available in this kind of investigation. Hopefully, further 
advances in methodology will permit more accurate analysis of the 
events as they occur within the cells. 

PASSAGE OF ISOTOPE THROUGH THE ORGANELLES OF 
THE FIBROBLAST 

There are at least two logical, possible pathways that amino acids can 
traverse in the fibroblast during their incorporation into protein and 
eventual secretion from the cell: (a) the first of these is the one already 
presented, namely, from the ergastoplasm to the Golgi, to peripheral 
vesicles, to the extracellular regions; (b) the second possible pathway is 
from the ergastoplasm directly to the extracellular environs. 

Morphologically, the fibroblast displays many areas where the ergasto
plasm approximates the plasma membrane and in some instances both 
membranes appear to fuse (Figs. 1 and 6) [16]. In other areas strings 
of vesicles can be seen interspersed between the cisternae of the endo-
plasmic reticulum and the plasma membrane. Both of these present pos
sible sites where material from the ergastoplasmic cisternae could move 
directly out of the cell, thus by-passing the remaining subcellular com
partments. 

There is no question that at least part of the administered 3H-proline 
passed through the Golgi complex. This area has been demonstrated to 
be active in the synthesis of mucopolysaccharide [6, 10] and it may pos-
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sibly serve as a site of formation of protein-polysaccharide complexes 
which would comprise part of the "ground substance" of the connective 
tissue, thereby explaining the label seen in this compartment. 

In analyzing the results of grain concentrations it is helpful to imagine 
an analogous system with four compartments of relatively constant size 
in which the label passes in the sequence demonstrated by the relative 
grain counts. If such a situation existed, one would also expect each of 
these compartments to rise to maximal concentration and decrease from 
this maximum in the same sequence: ergastoplasm, Golgi, peripheral 
cytoplasm, collagen. All of the observations of change in concentrations 
are in agreement with this sequence except for the earlier decrease from 
maximum in the Golgi than occurs in the ergastoplasm. If the two oc
currences were sufficiently distinct in time, then this observation would 
be consistent with the possibility of a shunt from the ergastoplasm that 
by-passes the Golgi. Unfortunately they are so close that it is not possible 
to separate these two events statistically. Perhaps with emulsions contain
ing smaller silver grains [18] and with intravenous administration of 
label to obtain more of a "pulse," it may be possible to separate more 
clearly these two events, if they are indeed separate. However, it should 
be noted that these studies do not support the concept that all of the 
material that passes through the endoplasmic reticulum also passes 
through the Golgi. Such findings, coupled with observations of areas in 
the fibroblast interpretable as potential or actual communications of the 
ergastoplasm with the cell surface, provide the opportunity of suggesting 
that material may be secreted directly from the endoplasmic reticulum 
to the extracellular spaces. Although a common pathway of amino acids 
appeared to have been established in those systems already studied, the 
possibility that other modes of passage may exist should be entertained 
if we are to obtain a clear understanding of the numerous and varied 
roles played by each subcellular system in various cells during the syn
thesis, storage, modification, and secretion of proteins. 

SUMMARY 

The morphology of fibroblasts and studies of their utilization of 
proline in collagen synthesis in healing wounds by both light and elec
tron microscope autoradiography are presented. 

Quantitation by determination of both relative activity of organelles 
and concentration of isotope in organelles are presented and the problems 
of this approach as related to the limitations in resolution are considered. 
Previous studies have presented only relative activities, whereas the ad
vantages of determining concentrations in cell organelles allows a clearer 
separation of events within the cell. The possibility of other pathways 
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through cells than that of ergastoplasm, to Golgi, to secretion vesicles, 
should be entertained if a clearer understanding of the function of the 
various subcellular systems in different cell types is to be attained. 
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DISCUSSION 

D R . REVEL: Many fibroblasts have dilated ergastoplasmic cisternae. Do you 
think that this fact may reflect a relatively slow passage of newly synthesized ma
terial to the Golgi area, and thus have some bearing on the Golgi "by-pass" which 
you have postulated? 

D R . Ross: You wonder whether dilated ergastoplasmic sacs indicate "constipa
tion" of the Golgi and might be related to the possibility of by-passing the Golgi. 
This may be a possibility, but the dilation is not necessarily an expression of patho
logical change. 

D R . AXELRAD: How early after wounding have you looked for new protein syn
thesis? It would seem difficult to interpret early observations because of the com
plication of acute inflammatory response. 

D R . Ross: These studies were conducted in 7-day-old wounds, a time when in
flammation has subsided and protein synthesis is active. 



292 RUSSELL ROSS 

D R . PELC: What fraction of the labeled material would have to by-pass the 
Golgi region to explain the observations? 

D R . Ross: Let me answer your question by stating what should happen if the 
same fraction of the labeled material were to go through the two compartments. 
Under these conditions, the material would have to pass through the Golgi approx
imately 5 times faster than through ergastoplasmic cistern ae, since both compart
ments attain the same maximal concentrations and the Golgi occupies one-fifth as 
much area of the fibroblast as does the ergastoplasm. 

D R . NADLER: As Dr. Ross is aware, to establish, in a steady state, whether a 
protein in the ergastoplasm is the sole and whole precursor of protein in the Golgi 
complex, it is necessary and sufficient to show that the specific activity of labeled 
protein in the first compartment is equal to specific activity of labeled protein in 
the second when the specific activity of the latter is maximum. If the specific activ
ities are not known, then, assuming that the protein concentrations in all compart
ments remain constant, the sequence of peaks of label concentration for each com
partment would be identical to the sequence of specific activity peaks; and thus 
would give some indication of the pathway of migration. In this manner, Dr. Ross 
has shown that protein synthesized in the ergastoplasm migrates to the Golgi com
plex, the peripheral cytoplasm, and collagen. 

Now, if it were observed that radioactivity disappeared entirely from the first 
compartment (ergastoplasm) before it appeared in the third (peripheral cytoplasm), 
then it would also be possible to conclude that labeled protein migrated from the 
first compartment (ergastoplasm) to the second only (Golgi complex), and there 
was no by-pass migration direct to the third (peripheral cytoplasm). However, fail
ing this observation, it is not possible from data on radioactivity concentrations alone 
to deduce whether protein synthesized in the ergastoplasm goes wholly to the Golgi 
complex or by-passes it in part. 

D R . ROSS: Dr. Nadler is correct in stating that it would be necessary to know 
protein concentrations to understand more than the peaks of the concentration. This 
would be particularly so if one did not know that the volume of compartments, i.e., 
ergastoplasm ( E R ) , Golgi, etc., remain constant throughout the experiment. Since 
they do, the increase in rate of loss of label from Golgi compared to ER could be 
interpreted as either of the following: (1 ) increased rate of passage through Golgi; 
(2) by-passage of Golgi. Because the Golgi is a much smaller compartment than 
the ER, one would expect an increased concentration rather than a decrease, as was 
observed. Unfortunately, the experimental design did not provide a "pulse" of label; 
there is no steady state of isotope concentration and it is not possible to know the 
specific activity of proline, so that these results must remain suggestive at present. 

D R . EVERETT: In relation to protein, is there any evidence that the Golgi ap
paratus does anything more than package the synthesized material? 

D R . LEBLOND: Work done with Miss Peterson suggests that the role of the Golgi 
complex is to synthesize macromolecules of carbohydrate which then combine with 
the newly synthesized protein, thus making up the carbohydrate-protein combina
tions present in most secretions. 

D R . EVERETT: D O you have convincing evidence that the peripheral cytoplasmic 
vesicles are concerned with transporting the synthesized material through the cell 
membrane? 

D R . ROSS: With regard to the peripheral vesicles, it is impossible a priori to be 
sure of direction of motion of these structures. However, the progression of label 
through these toward the outside is compatible with our findings. 
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INTRODUCTION 

The dermis of the salamander, like that of many other aquatic animals, 
consists of an orthogonal array of collagenous sheets, disposed in a plane 
parallel to the base of the epidermis [12, 18]. This very regularly organ
ized structure is commonly called a basement lamella. While the col
lagenous nature of the basement lamella has been clearly established on 
the basis of morphological observations and by chemical analysis, there 
have for a long time been two opposed views about its mode of forma
tion. Some investigators have taken the view that it is a product of the 
subjacent fibroblasts, a concept quite in keeping with its collagenous 
nature [7, 19]. Others, however, were led to conclude that the epidermis 
might be involved in the formation of the lamella [1, 11] (also [16] for 
review). On the basis of morphological observations, Edds and Sweeney 
[5] suggested that the lamella probably grew from the epidermal side 
inward. This hypothesis has now been confirmed by autoradiographic 
studies of protein secretion into the lamella [8, 9] . Our observations also 
suggested that both the fibroblasts and the epidermis appeared to con
tribute material to the salamander dermis. The available evidence for this 
concept of the growth of the lamella and for the possibility of an epider
mal contribution will be summarized here. 

GROWTH OF THE LAMELLA 

Since the morphological data and the chemical analysis [4] of the 
basement lamella indicates that the only protein present is collagen, we 
used radioactive proline as a precursor in our experiments [9]. Tritiated 
proline, successfully employed as a collagen precursor in studies by 
Leblond and others [10, 15], is well suited for studies of collagen syn
thesis since it can be a precursor for about a third of the amino acid 
residues in collagen. We administered the amino acid intraperitoneally 
to salamanders whose limbs had been amputated 12 days previously. 

i Supported in part by grants GM K3-13, 979-CIA, and GM11380 from the U.S. 
Public Health Service. 
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FIG. 1. A light microscope autoradiograph of a 1 μ thick section through a 
regenerating salamander limb treated 4 days previously with 3H-proline. The juxta-
epidermal band of label secreted some 2-4 hours after injection of the isotope has 
been displaced inward, as unlabeled material (seen as a clear zone at the arrow) 
is deposited next to the epidermis. All remaining intracellular label is found in the 
nucleus, both in the epidermal cells ( E p ) and in the fibroblast (F ib) associated 
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They were in the fingerbud stage of regeneration and the dermis was 
growing rapidly. The limbs were fixed in osmium tetroxide at different 
time intervals after the administration of 3H-proline, and embedded in 
methacrylate. Sections for light and electron microscopy were coated 
with Ilford L4 emulsion, and processed as described in our earlier com
munications [9, 13, 14]. 

The autoradiographs obtained indicated that tritiated proline is incor
porated not only into the fibroblasts at the inner surface of the lamella 
but also into the basal epidermal cells. The label found in fibroblast cyto
plasm at an earlier time is subsequently secreted into the extracellular 
space and migrates upward to the base of the epidermis several microns 
away. Radioactivity associated with the epidermal cells is at first intense 
in the juxtanuclear area and then becomes concentrated in the basal cyto
plasm. It appears to migrate to the junction between the epidermis and 
the dermis. Both the epidermal cells above and the fibroblasts underlying 
the dermis thus participate in the formation of a heavy extracellular juxta-
epidermal band of label about 4 hours after administration of the isotope. 

An examination of limbs fixed at various intervals up to a month after 
the incorporation of amino acid shows that the growth of the dermis does 
indeed take place from the epidermis inward. Four days after administra
tion of tritiated proline one can distinguish a clear nonradioactive zone 
separating the labeled material from the base of the epidermis (Fig. 1). 
This zone presumably contains newly synthesized "cold" collagen formed 
after the labeled proline pool had been exhausted. With time, the original 
band of radioactivity is displaced further from the epidermis. It reaches 
the base of the dermis where it is apparently reabsorbed in 3 or 4 weeks. 
In the lower layers of the lamella the radioactive zone is less condensed 
than it was originally, presumably because the labeled collagen has been 
diluted by the addition of unmarked collagen to the fibrils (Fig. 2). This 
interpretation is in good agreement with the observation that the collagen 
fibrils in the lower layers of the lamella are thicker than those found in 
the peripheral juxtaepidermal layers [5]. It seems, therefore, that the 

with the basement lamella ( B L ) . This intranuclear label will persist for extended 
periods of time. Magnification: 700 χ . 

FIG. 2. A preparation similar to that shown in Fig. 1, but from an animal sacri
ficed 3 weeks after injection of the radioactive precursor. At this time the lamella 
has reached its normal thickness. The radioactivity originally found at the junction 
of the dermis and epidermis is now seen in the lower half of the lamella, and appears 
to have been diluted, presumably by the addition of unmarked collagen. These auto
radiographs indicate that the lamella grows from the epidermal side inward, and 
that new collagen is also added interstitially. Magnification: 700 X. 



FIG. 3. An electron micrograph of an autoradiograph showing the distribution 
of label in a fibroblast 30 minutes after treatment with 3H-proline. The radioactivity 
(see silver grains at the arrows) is associated with the cisternae of the endoplasmic 
reticulum and the Golgi area of the fibroblast. Little label can be seen at this time 
in the basement lamella. The inset depicts an autoradiograph of a thick section of 
the same cell, seen in the light microscope. There is intense radioactivity in the 
area of the cytoplasm which can be identified as a Golgi zone on the basis of the 
electron micrograph. Magnification: 10,000 X; inset 1,000 χ . 
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FIG. 4. A labeled epidermal cell, 30 minutes after treatment with tritiated 
proline. There is an accumulation of label in the perinuclear region of the cell, where 
most of the cell organelles are found. This section shows radioactivity concentrated 
in the Golgi area. Some silver grains are also found close to the plasmalemma, seem
ingly associated with small secretory vesicles (arrows). No incorporation of isotope 
can be detected in bundles of tonofilaments (Tf ) . The labeling pattern observed in 
epithelial cells suggests that they secrete a proline-rich material into the extracellular 
milieu (ic, interfacial canal). Magnification: 15,000 X. 
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lamella grows by accretion of material at its juxtaepidermal surface, and 
also by some interstitial deposition of material. 

CYTOLOGY OF SECRETION 

Electron microscope autoradiography of thin sections through regen
erating limbs fully confirms and extends the data obtained in the light 
microscope. Radioactivity is found over the endoplasmic reticulum of 
the fibroblasts and basal epidermal cells at 15 minutes, and over the Golgi 
area at 30 minutes (Figs. 3 and 4). The Golgi area and the endoplasmic 
reticulum occupy a juxtanuclear position in the epidermal cells, thus 
accounting for the perinuclear distribution of label observed in the light 
microscope. At later times the label is found over small vesicles near the 
base of the cells in the epidermis and near the cell membrane in the fibro
blasts. The secretion of labeled material into the extracellular milieu 
seems to take place by the fusion of such vesicles with the plasmalemma. 
Clearly, then, the intracellular distribution of the label in both fibroblast 
and epidermal cells is in all respects similar to that observed in other 
protein-secreting cells, such as the pancreatic acinar cell [2, 17] or the 
chondrocyte [14]. 

Electron microscope autoradiographs show that by 4 hours the label 
is definitely extracellular, and the distribution of label at that time can be 
interpreted as showing radioactivity in both the collagen fibrils of the 
lamella and in the basement lamina (Fig. 5). Since, as we have already 
seen, the label disappears from the juxtaepidermal zone of the dermis in 
a few days, one could assume that the filamentous material of the lamina 
can be converted to striated filaments or that it has a fairly rapid turn
over. It may also be that the radioactivity observed in the lamina does not 
represent labeling of intrinsic protein, but rather that some radioactive 
material is simply passing through the lamina. However tempting it may 
be to speculate about these or yet other possibilities, the data available 
at the present time only indicate that the epidermis is secreting a protein-
aceous component into the same space where labeled material originating 
from the fibroblasts also accumulates. 

NATURE OF THE EPIDERMAL CONTRIBUTION 

Little discussion is needed about the product of the activity of the 
fibroblasts. These cells have been clearly shown to be involved in the 
elaboration of the collagen and protein polysaccharides of the connective 
tissue (for review see Fitton-Jackson [6]) . The possible nature of the 
material contributed by the epidermis is less obvious and must be exam
ined more closely. In our approach to this problem we have tried to 
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design experiments so that one could distinguish the products of the 
epidermis from those of the connective tissue. In a first series of attempts 
in collaboration with M. Edds, we removed the epidermis from the 
salamander larvae, at such a time after the administration of label that 

FIG. 5. The junction of the epidermis and the basement lamella in a sample fixed 
4 hours after the administration of tritiated proline. The basal lamina can be seen 
as a finely filamentous layer, some 500 Ä thick, separated from the cell membrane of 
the epithelial cell by a narrow clear zone. Striated collagen fibrils are found in close 
proximity to the lamina and elsewhere in the lamella. The radioactivity is mostly 
extracellular, and seems to be associated with the striated collagen fibrils, and perhaps 
also with the basement lamina. Magnification: 30,000 χ . 
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the label would still all be intracellular (1 hour). The epidermal cells 
were removed by sonication, washed, dialyzed, and finally hydrolyzed. 
The amino acids of the nondialyzable fraction were then separated by 
thin layer chromatography, and the radioactivity in each was counted 
after elution. In this fashion it was possible to show that, besides proline, 
epidermal pellets prepared by sonication also contained hydroxyproline, 
an indication of the possible presence of collagen-like protein. In this 
type of experiment, however, it proved difficult to eliminate completely 
the possibility that radioactivity found in hydroxyproline is due to a 
contamination by collagen extracted from the underlying connective 
tissue cells during the isolation. 

In order to circumvent this difficulty we are now attempting to do 
similar experiments with epidermal cells grown in culture, under condi
tions where no connective tissue cells are present, in the hope that we 
will be able to characterize more fully the material synthesized by the 
epidermis. One of the systems currently under investigation is the corneal 
epithelium of the 12-14 day old chick embryo. The cornea is growing 
rapidly at this time and becomes organized into an orthogonal array of 
collagen fibrils strikingly reminiscent of the salamander dermis. Corneal 
epithelium can easily be removed with trypsin as an intact epidermal 
sheet, with no contamination by connective tissue cells. Since it has been 
shown that embryonic skin can grow and differentiate if placed in contact 
with killed connective tissue [3], we decided to place our stripped corneal 
epidermis on a substratum of killed corneal stroma, from which the con
nective tissue cells had been removed by osmotic lysis. Epithelium for 
culture is stripped from other corneas after enzymatic treatment and 
placed on the dead stroma. After 2 days in culture, the epithelium is ex
posed to tritiated proline for 2 hours. Half of each culture is fixed for au-
toradiography and electron microscopy 2 hours later, while the other half 
is used for radiochemical analysis of the amino acids of the nondialyzable 
fraction. Autoradiography shows an intense incorporation of labeled pro-
line into the epidermal cells, especially the basal cells. Electron micro
scope observation of the cultured epidermal cells shows them to have 
a morphology very reminiscent of the epidermis in the salamander skin. 
The cells have well-developed endoplasmic reticulum and Golgi ap
paratus. The basement lamina, however, seems to be absent. We have as 
yet too little experience with this system to attempt to draw any firm 
conclusions as to the types of protein the epidermis may be synthesizing. 
It is clear, nevertheless, that radioactive proline can be identified in all 
the cultures, except control cultures consisting of killed stroma alone. In 
addition to proline, several cultures have also contained a substantial 
amount of labeled hydroxyproline, identified by rechromatography in a 
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different solvent, and by three specific color reactions. While far from 
being conclusive, these preliminary data raise anew the possibility that 
epidermal cells may indeed synthesize a protein reJated to those found 
in the connective tissue. 

SUMMARY 

The formation of the basement lamella in the regenerating salamander 
limb has been studied by autoradiographic techniques. Material for the 
lamella is contributed by both epidermis and fibroblasts, and the lamella 
grows from the epidermal dermal junction inward. 
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DISCUSSION 

D R . BELANGER: D O the same epidermal cells in your material make both col
lagen and collagenase? 

D R . REVEL: It is not known. 
D R . LEBLOND: Your pictures showed that the radioactive band of newly synthe

sized basement material arose at the junction of epithelial cells and basement lamina 
and that the band appeared farther and farther from epithelial cells as new base-
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ment material accumulated. On the other hand, it seemed in at least one of your 
pictures that the distance between the radioactive band and the fibroblast layer 
decreased with time. If so, there would be a turnover of the basement lamina with 
production on the outer surface and resorption on the inner surface. Under these 
conditions, there would be both growth and turnover. What do you think? 

D R . REVEL: Because the band of label becomes more diffuse as the lamella 
grows, it is not possible to measure precisely its distance from the base of the lam
ella, and thus obtain direct evidence for turnover. Even so, a comparison of Fig. 1 
with Fig. 2 certainly suggests that the label reaches the base of the lamella, and 
we believe that there probably is some turnover of the collagen, "old" collagen 
being removed from the inner layers while new collagen is deposited at the outer 
surface. It is possible that the growth and the thickness of the lamella is controlled 
by the relative rates of these two opposing processes. 

D R . TONNA: I think your results, showing deposition of protein precursors not 
only across the surfaces where collagen fibrils are assembled, but also into the inter
cellular spaces where one never sees collagen, are fascinating. They re-emphasize 
the importance of the local extracellular environment and its effect in collageno-
genesis. 



THE ELABORATION OF THYROGLOBULIN BY THE 
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INTRODUCTION 

The synthesis of thyroglobulin, an iodinated glycoprotein, is essential to 
the production of the hormones in the thyroid gland. Early experimental 
work [11, 19] showed that, in all thyroid follicles, thyroglobulin was 
located mainly in the colloid of the lumen. However, it was realized that 
the lumen of the follicle was unlikely to be the site where complete syn
thesis of thyroglobulin takes place; and there was for a long while con
siderable debate regarding exactly what, in the follicular cells, are the 
antecedents of colloid (and, therefore, of thyroglobulin). The hypothesis 
which was most widely held, namely, that it was the intracellular colloid 
droplets [8, 9, 33], has been rejected by the conclusive demonstration 
that these droplets are derived from the colloid in the lumen, and, there
fore, cannot be its source [25]. In fact, the problem of how thyroglobulin 
is synthesized in the follicular cells, and how it emerges into the colloid 
of the lumen, could not be resolved by classical techniques alone, and 
had to await the advent of more modern experimental approaches. 

In this regard, radioautography has proved an effective technique to 
determine sites of synthesis of biological substances. A tracer amount of 
an appropriate precursor substance tagged with radioactive label is 
injected into an animal. In this manner proteins being synthesized 
acquire the label of the precursor radioactive amino acid, and can 
be localized in tissues by radioautography. However, proteins may 
undergo migration soon after they are formed [18, 35]. Hence, the 
earliest location of the label should indicate the site of synthesis of 
proteins, whereas tracking the later locations should reveal the course of 
their eventual migration. 

SITES OF SYNTHESIS AND MIGRATION OF THYROID PROTEINS 

Thus, to investigate the synthesis and secretion of thyroid proteins 
[22], mice were injected with leucine labeled with tritium (3H) and 
sacrificed y2 hour and 36 hours later. Radioautographs of the thyroid 
showed that, at the early time, silver grains in the photographic emulsion 
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FIG. 1. Electron micrograph of a follicular cell. Magnification: about X9000. 
From the top down, are shown the colloid ( C ) , uniformly filling the lumen of the 
follicle; the apical membrane of the follicular cell with microvilli (mvl) and with 
terminal bars ( tb) at the junction with the lateral membranes; the region of the 
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were present only over follicular cells, whereas at the later time they 
were also present over the colloid. Hence, protein synthesized in the 
cells had migrated to the colloid. Now, it has been demonstrated that 
the predominant protein present in the colloid is thyroglobulin [10], and 
that leucine is one of the most abundant amino acids in the thyroglobulin 
protein molecule [13]. Hence, it was inferred that the protein synthesized 
in the cells of the thyroid follicle, and secreted into the colloid, is the 
protein moiety of thyroglobulin. 

This type of experiment was later repeated on a larger scale in the 
rat: 2.5 μο 3H-leucine per gram body weight was injected, and groups 
were killed at 10 and 30 minutes, 4 and 36 hours, 7 and 30 days [26]. 
Thyroid glands were fixed in Bouin fluid, cut into sections of 5 μ and 
stained with periodic acid-Schiff and hematoxylin. These sections were 
radioautographed by the coating technique [17], using Eastman Kodak 
NTB2 photographic emulsion, exposing for 60 days. The radioautographs 
obtained at 10 minutes after injection showed a fairly uniform distribu
tion of grains over the cytoplasm of every follicular cell and every follicle 
(Fig. 2). At y2 hour, the radioautographic density over the cells had 
increased, but was still distributed more or less evenly throughout (Fig. 
5). At 4 hours, however, the grains accumulated over the region of the 
cells immediately proximal to the apical surface, sometimes extending to 
the outside to make their first appearance over the colloid of the follicular 
lumen (see Fig. 9). In this manner, the grains over the neighboring cells 
in a given follicle were arranged into well-defined rings, concentric with 
the cell-colloid interface. At 36 hours, these rings were no longer distin
guishable; only a somewhat diffuse reaction was visible over the cyto
plasm, which persisted up to 7 days, but not to 30 days. Meanwhile, a 
pronounced reaction was seen over the entire colloid at 36 hours and 7 
days. 

Since at 10 minutes after injection of 3H-leucine, the radioautographic 
reaction, confirmed in repeated experiments, was present over every 
follicular cell, it means that the synthesis of protein must take place in 
all follicular cells and must take place continuously. 

Until 30 minutes after injection of 3H-leucine, labeled protein 
remained distributed throughout the cytoplasm of the follicular cells. 
However, by 4 hours analysis of grain counts revealed that more than 
half of this protein had migrated immediately below the apical surface 

small apical vesicles ( av ) ; the supranuclear region with mitochondria ( m ) , Golgi 
zone ( g ) , and cisternae of the ergastoplasm ( c ) ; the base of the cell with nucleus 
( N ) , mitochondria, and cisternae of ergastoplasm; the basement membrane (bm) 
on the outside of the cell, and a capillary (cap) with a red blood cell (RBC) . 
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FIGS. 2-4. All preparations are coated radioautographs from rats sacrificed 10 
minutes after injection of 3H-leucine. 

FIG. 2. Light microscope preparation stained with periodic acid-Schiff-hema-
toxylin. The follicle in the center shows diffuse radioactivity in the cells, but none 
in the colloid. Magnification: χ1200 . 
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of most of these cells close to, and even reaching the edge of the colloid. 
By 36 hours, the migration of labeled proteins extended to the whole of 
the colloid. Since the blood level of the precursor leucine label was 
known to reach a very low level within minutes after injection [3], it 

FIG. 5. Light microscope coated radioautograph of periodic acid-Schiff-hema-
toxylin stained preparation from rat sacrificed 30 minutes after injection of 3 H-
leucine. Radioactivity is diffuse in cells. Magnification: χ1200 . 

is clear that any labeled protein appearing in the colloid 4 hours or later 
after injection cannot have originated direct from the blood leucine 
label, and must therefore have had to be derived from the follicular 
cells. Furthermore, it was calculated that the decrease in cellular radio-

FIG. 3. Electron microscope preparations (Ilford L-4 emulsion, development in 
Dektol). The micrograph shows mitochondria ( m ) and ergastoplasm with dilated 
cisternae (c) and attached ribosomes ( r ) . Two black, filamentous silver grains can 
be localized over the ergastoplasm, straddling the walls of cisternae. Magnification: 
X30,000. 

FIG. 4. Electron microscope preparations (as in Fig. 3 ) . The micrograph again· 
shows mitochondria (m) and ergastoplasm with dilated cisternae (c) and attached 
ribosomes ( r ) . A capillary can be seen (cap) separated from the base of the fol
licular cell by a basement membrane ( b m ) . A zymogen-like granule (zl) can· also 
be seen in the follicular cell. The three silver grains can be localized over the 
membranes enclosing the cisternae of the ergastoplasm. Magnification: X30,000. 
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FIG. 6. Electron microscope coated radioautograph 1 hour after 3H-leucine 
injection (Ilford L-4 emulsion; development in Dektol). Of the three silver grains 
over the ergastoplasm, two are over ribosomes, one is completely over the lumen 
of a cisterna. Magnification: X30,000. 



THYROGLOBULIN ELABORATION BY THYROID CELLS 3 0 9 

activity was almost equal to the increase in colloid radioactivity, 
confirming the conclusion that follicular cells secreted the labeled 
protein into the colloid [26]. 

More recently, a morphological analysis of the synthesis and secretion 
of thyroglobulin by follicular cells was carried out by applying radio-
autography to electron microscope sections (26). By coating ultrathin 
sections in such a way that the silver halide crystals in the photographic 
emulsion are packed closely in monolayers, it is possible to localize 
radioactive proteins in cytological structures visualized only with the 
electron microscope. In this manner, it was hoped to reveal the precise 
intracellular site of synthesis of the protein moiety of thyroglobulin as 
well as its path of migration from this site into the colloid. 

The technique was carried out by Dr. B. A. Young, whose results are 
presented in this series. After injection of 3H-leucine, thyroid glands were 
removed at 10 minutes, % hour, 1 hour, and 3^2 hours, then flooded with 
osmic acid, chopped into small pieces, and fixed in ice-cold 1% osmium 
tetroxide, buffered with Veronal plus added sucrose [6]. After fixation 
for 1 hour, the pieces of tissue were rapidly dehydrated in a graded 
series of alcohol and embedded in butyl methacrylate. Using glass knives, 
ultrathin sections (silver to gold) were cut on a Porter-Blum microtome 
and mounted in carboned Formvar Athene type grids. With the electron 
microscope grid attached to glass slides, radioautographs were prepared 
by the coating technique [14]. The emulsion used was Ilford L-4 
(diameter of grains 0.12 μ) diluted 1:6, which after exposure was devel
oped in Dektol for 2 minutes or Microdol for 5 minutes [4]; or undiluted 
Gevaert NUC-307 emulsion (diameter of grains 0.07 μ) was developed 
in Kodak D-170 for 5 minutes [12, 36]. After exposure, the sections were 
stained with Karnovsky's stain, which also removed the gelatin of the 
emulsion [28]. The sections were then examined in a Siemens Elmiskop I 
electron microscope. 

In the electron microscope (Fig. 1), thyroid follicular cells show the 
apical surface with irregularly arranged microvilli (mvl) protruding 
into the colloid-containing lumen (C) , while the basal surface is sepa
rated from the extracellular spaces and capillaries by a basement 
membrane (bm). The ergastoplasm, composed of ribosomes and cister-
nae and of endoplasmic reticulum, is distributed throughout the cyto
plasm of the cell. The ribosomes are present on the outer surface of the 

FIG. 7. Electron microscope coated radioautographs, 1 hour after 3H-leucine 
injection (Ilford L-4 emulsion; development in Dektol) . Golgi zone (g ) with 
dilated sacs and associated vesicles of the same size as the apical vesicles (v) can 
be seen. In this cell, two grains are definitely related to the Golgi zone and one to 
an apical vesicle. Magnification: χ30,000. 
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FIG. 8. Electron microscope coated radioautograph 1 hour after 3H-leucine 
injection (Gevaert NUC-307 emulsion; development in Kodak D-170). Three silver 
grains are over the region of the apical vesicles, one over the colloid between 
microvilli. Magnification: X30,000. 
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membranes enclosing the cisternae, which are often widely dilated (c) . 
The nucleus is usually located at the base of the cell (N) . In ultrathin 
sections, one or several groups of Golgi elements (g) are seen, which are 
usually in a supranuclear position. Each group consists of numerous sacs, 
which are often dilated and are surrounded by small vesicles of various 
sizes. Of these vesicles, the most numerous measure about 0.15 μ in 
diameter and have a homogeneous content. They are often observed to 
extend from the Golgi zone to the region immediately below the apical 
surface where they tend to gather; accordingly, they are referred to as 
the "apical vesicles" (av). Incidentally, two other types of cytoplasmic 
inclusions are commonly present, the colloid droplets which consist of 
irregular, pale-staining spheroids of the order of 1.5 μ in diameter, and 
densely staining granules of the order of 0.5 μ in diameter or less, which 
are referred to as "zymogen-like" granules (they probably are lysozomes). 

In the investigations conducted with B. A. Young, it was reported 
[20] that the high resolution radioautographs (Figs. 3 and 4) prepared 
10 minutes after 3H-leucine injection showed nearly all the silver grains 
over the ergastoplasm, often straddling the ribosome-studded membranes 
of the cisternae. One hour after injection, when the reaction of the cyto
plasm of the follicular cells was more intense, the majority of grains 
(about 60%) were still localized over ribosomes, but some (about 10% ) 
were over the lumen of the cisternae (Fig. 6). A small number of grains 
(about 17%) were observed over the membranes and small vesicles of 
the Golgi zone (Fig. 7). Finally, occasional grains (about 10%) were 
also over the region of the apical vesicles (Figs. 7 and 8), some being 
ascribed to the apical vesicles close to the Golgi zone, and others to those 
adjacent to the cell surface. At 3^2 hours after injection, although a few 
silver grains were still distinguished over the ergastoplasm and over the 
Golgi zone, the grains were more numerous over the region of the small 
vesicles and the apical zone of the cytoplasm and, now, also over the 
colloid of the follicular lumen (Fig. 10). From all the separate studies, 
it may be concluded that the earliest grains over the ergastoplasm 
appeared almost immediately after injection of the labeled precursor of 
thyroglobulin, the earliest grains over the Golgi at 30 minutes, over the 
apical vesicles at 1 hour, and over the colloid at 2]/2 hours. 

The early electron microscope results showing nearly all the silver 
grains over the ergastoplasm pointed to this organelle as the site of 

FIG. 9. Light microscope coated radioautograph of periodic acid-Schiff-hema-
toxylin stained preparation from rat sacrificed 4 hours after 3H-leucine injection. 
Magnification: χ1200 . 

FIG. 10. Electron microscope coated radioautograph (Ilford L-4 emulsion; devel
opment in Dektol) from rat sacrificed 3τ/2 hours after 3H-leucine injection. Silver 
trains are seen over the apical region and the colloid. Magnification: χ30,000. 
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synthesis of protein in the cytoplasm. Moreover, the neat manner in 
which the grains appeared to straddle the membranes enclosing the 
cisternae of the ergastoplasm would suggest that the site of synthesis 
can be even further localized to these ribosome-studded membranes—a 
conclusion in keeping with the currently accepted view that ribosomal 
ribonucleic acid (RNA) plays a key role in the synthesis of protein [2, 
15]. The later observations corresponding to the piling up of radioactivity 
in the follicular cell apex viewed with the light microscope at 4 hours 
were shown in the electron micrograph to be due to the appearance of 
labeled proteins in the apical vesicles. These results point to these apical 
vesicles as the vehicle by which the protein moiety of thyroglobulin 
emerges into the colloid of the follicular lumen. To explain by which 
intracellular channels the exportable protein journeys from the ergasto
plasm to the apical vesicles, it was noted that, at J4 to 1 hour after 
injection, many grains were found over the contents of the cisternae, 
suggesting that the protein formed on the ribosomes outside the walls of 
the cisternae migrated first into the lumen of the cisternae. The next step 
in the journey was suggested by the observation that, when a few grains 
were initially observed over the apical vesicles (that is, 1 hour after 3H-
leucine administration), the grains were more numerous over the Golgi 
zone. Since it is suspected that the cisternae of the ergastoplasm may 
have some connection with the Golgi sacs, it is inviting to hypothesize 
that, through the maze of cisternae, protein molecules move to the Golgi 
zone and in this way reach the apical vesicles. The same sequence for 
protein migration from ergastoplasm to Golgi zone to the exterior has 
also been observed in the cells of the pancreas and in cells secreting 
collagen [29,30]. 

MATURATION OF THE THYROGLOBULIN MOLECULE 
Precisely what role the Golgi sacs may play is only conjectural. 

However, histochemical studies have shown frequent localization of 
carbohydrates to the Golgi zone, and tracer studies with 3H-glucose [27] 
have indicated that complex carbohydrates combine with protein in this 
zone. Accordingly, in the Golgi zone, the carbohydrate portion may add 
to the protein moiety of thyroglobulin, and the newly-formed 
carbohydrate-protein complex would come out in the apical vesicles, 
seen as off-shoots of the Golgi zone, and, in this form, go to the cell apex. 

By which mechanism does the labeled protein contained in the apical 
vesicles gain access to the colloid? The release of the content of apical 
vesicles to the cell surface was visualized like a bubble of soap coming 
to the surface of the water where it explodes, leaving a soap film. In a 
similar manner, the membrane of an apical vesicle reaching the cell 



THYROGLOBULIN ELABORATION BY THYROID CELLS 3 1 3 

surface could fuse with the plasma membrane of the cell and break up 
to yield its contents to the colloid. A similar explanation has been 
accepted for the release of zymogen granules [16]. 

There is considerable evidence that iodination of the protein moiety 
of thyroglobulin takes place only on tyrosine already bound in thyro
globulin peptide linkage rather than on free tyrosine [1, 5, 31, 32, 34], 
it being also possible that smaller iodinated polypeptide units may 
subsequently polymerize into larger molecules. In fact, results of grain 
counts after 3H-leucine revealed that the rates of synthesis and secretion 
of the protein moiety of thyroglobulin were unaifected by agents which 
normally block the iodination of the protein moiety, such as propylthio-
uracil [20] or acute large doses of iodide [23]; hence, the iodination 
phenomenon is independent of the elaboration of the protein moiety of 
thyroglobulin. Regarding the site of iodination in the thyroid follicle, as 
early as τ/ι minute after a single injection of radioiodine (125I), the 
radioautographic reaction was found by light or electron microscopy to 
be present over the periphery of the lumen [19a], showing that the final 
stage in the synthesis of thyroglobulin, the iodination of the glycoprotein 
molecule, takes place in the follicle lumen, just at the cell-colloid 
interface. The few grains in the radioautographs which are consistently 
found over the cells are usually attributed to scatter, although it is also 
possible that some iodination of protein does take place in the cells. If 
so, the iodination in the cells must amount to less than 5% of the total 
iodination activity which occurs in the lumen; moreover, it may involve 
proteins other than thyroglobulin [7], so that its role is relatively 
insignificant. 

RATES OF SYNTHESIS AND MIGRATION OF THE PROTEIN 
MOIETY OF THYROGLOBULIN 

Only a portion of the proteins which are synthesized in the follicular 
cells is secreted into the colloid. This portion is referred to as "exportable" 
and represents thyroglobulin; the remainder remains behind in the cells 
and is referred to as "sedentary," representing protein relegated to intra-
cellular structures. 

In the light microscope radioautographs, at 10 and 30 minutes after 
injection of 3H-leucine, the grain count over the whole of the follicular 
cells can be regarded as an index of the over-all rate of synthesis of 
proteins in the cells. At 4 hours, the grain count over the apex of the cells 
would be an index of the rate of accumulation of the newly formed 
protein moiety of thyroglobulin in the apical vesicles of these cells; and 
the count over the colloid in the lumen of the follicles would be an index 
of the rate of secretion of thyroglobulin into the colloid. From investi-
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gations of this kind it was concluded [26] that, in the normal rat, all 
follicular cells of all follicles are continuously active at the same rate 
in the synthesis of proteins; and that the migration of the protein moiety 
of thyroglobulin from its site of synthesis to the apex of the follicular cells 
and into the colloid occurred at the same rate in all cells. As a result, 
small follicles which have relatively more cells per unit volume of 
lumenal colloid would concentrate newly exported protein in the lumen 
more rapidly. 

It was also calculated [26] that, in the region of the ergastoplasm of 
the follicular cells, the turnover rate of newly synthesized exportable pro
tein was about 17 percent per hour. Turnover rate may have a different 
significance in the case of a relatively large pool where the label is dis
tributed homogeneously than in the case of a small compartment, such as 
in the cisternae of the endoplasmic reticulum, where mixing of proteins 
is not necessarily likely to occur. Applying a formula adapted especially 
for the latter example (unpublished), it was concluded that the turnover 
rate times the concentration of exportable protein would yield the mass 
of protein synthesized per unit volume of cisternae per unit time. Ac
cordingly, to make the fullest use of this turnover rate value, it would be 
necessary to know the concentration of exportable protein as well as the 
dimensions of a unit endoplasmic reticulum; if so, it would be possible 
to derive the rate of synthesis of protein per unit endoplasmic reticulum 
in absolute figures of mass per unit time. 

The grain-counting technique was also used to investigate factors 
which influence the rates of synthesis and secretion of the protein 
moiety of thyroglobulin in the follicular cells. Thus, it has been shown 
that these rates are diminished in the hypophysectomized rat, and are 
restored by injections of thyroid stimulating hormone (TSH) [24]. Also, 
by decreasing the concentration of iodine in the diet, thereby increasing 
the pituitary endogenous secretion of TSH, it was possible to stimulate 
the elaboration of thyroglobulin. Thus, the grain counts (Table I) were 
increased when rats had been placed on a low iodine diet. In such 
stimulated glands, there is hypertrophy of the cells in the thyroid follicle, 
the size of which can be measured by histological techniques. Of interest 
in morphology are results [20] correlating the activity of the follicular 
cell with the size of the cell (Table I ) . Thus, at 10 and 30 minutes over 
the base of the cells (region of ergastoplasm), when the counts were 
corrected per mean volume of a single follicular cell, the results were 
not significantly different than similarly corrected counts for rats on a 
high iodine diet. This means that the rate of synthesis of protein in the 
follicular cell is directly proportional to its size; a result which should 
not be too surprising since protein is synthesized in ergastoplasm and, 



TABLE I. Correlation of Thyroid Cell Volume with Rates of Protein Synthesis {Grain Counts over Ergastoplasm), Intracellular Migration {Apical Vesicles), 
and Release (Periphery of Follicle Lumen), in Rats on Low and High Iodine Diets 

Diet 

cell 
height 

00 

GRAIN 
Time after 

Over region of ergastoplasm 
(base of cells) 

10 minutes 30 minutes 

Corrected Corrected 
per cell per cell 

Measured volume Measured volume 

COUNTS 
3H Leucine 

Over region of apical 
vesicles (apex of 

cells) at 
4 hours 

Corrected 
per cell 

Measured volume 

Over periphery of 
follicle lumen at 

4 hours 

Corrected 
per cell 

Measured volume 

Low iodine 15.2 ± 1.1 30.5 ± 2.7 0.105 ± 0.029 68.9 ± 1.5 0.204 ± 0.019 9.2 ± 1.0 1.60 ± 0.017 7.4 ± 0.71 1.61 ± 0.12a 
(stimulated 
thyroids) 

High 10.1 ± 0.5 19.8 ± 2.9 0.086 ± 0.018 43.4 ± 2.9 0.189 ± 0.018 7.4 ± 0.71 1.29 ± 0.12 2.9 ± 0.71 0.54 ± 0.054a 
iodine 

a Between low and high iodine diets, a significant difference in corrected grain counts ( p < 0 . 0 5 ) exists only where figures have been underlined. 
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although actual figures are lacking, it is probable that the volume of 
ergastoplasm is proportional to the size of the follicular cell. The grain 
counts at 4 hours over the apex of the cells, corrected per mean volume 
of a single follicular cell, were also not significantly different for rats on 
low and high iodine diets, suggesting that the rate of concentration of 
newly synthesized protein in the apical vesicles is also directly propor
tional to the size of the cell. However, over the periphery of the lumen, 
the corrected counts were significantly different, indicating increased 
concentration of newly secreted thyroglobulin in the lumen of stimulated 
thyroid follicles. This follows since the total rate of protein elaborated 
in such follicles with large cells is increased, and, therefore, more 
protein will concentrate in the lumen. Moreover, time studies have shown 
that, after TSH stimulation, as well as the amount elaborated, the rate of 
migration of the protein moiety from its site of synthesis in the endo-
plasmic reticulum to the region of the apical vesicles to the follicle lumen 
is also accelerated. Finally, it has been shown previously that in every 
thyroid follicle the iodination of thyroglobulin occurs continuously [19] 
and at a rate influenced by the number and size of the follicular cells 
[21]. Hence, although the iodination of thyroglobulin takes place in the 
lumen of the follicle, the rate of iodination is governed by the cells of 
that follicle, probably through the elaboration of an enzyme which 
facilitates iodination of the glycoprotein moiety. 

SUMMARY 

In all follicular cells of the rat thyroid, a protein believed to be the 
protein moiety of thyroglobulin is synthesized continuously in the 
ergastoplasm, migrates from there to the apical vesicles, and thence to 
the colloid in the lumen. It is suggested that this protein makes its way 
from the ribosomes into the cisternae of the ergastoplasm, thence into 
the Golgi zone, next into the apical zone of the follicular cells of the 
apical vesicles and finally into the colloid of the follicle lumen. There in 
the follicle lumen, it is known that this glycoprotein moiety of thyro
globulin is iodinated with the formation of iodotyrosyl and iodothyronyl 
groups, thus yielding full-fledged thyroglobulin. The striking influence 
of the size of the follicular cell on the respective rates of each operation 
suggests that there may be a direct relationship between the structural 
content of the organelle responsible for that operation and the rate at 
which it proceeds. 
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DISCUSSION 

D R . P E L C : In 1950, Doniach and Pelc incubated unfixed, frozen sections of rat 
thyroids with 1 3 1I and obtained uniform radioautographs over the colloid, supporting 
the idea that binding of 1 3 1 I takes place throughout the colloid. Supporting evidence 
was obtained by incubation of whole glands in 1 3 1 I labeled Ringers solution. This 
agreed with our in vivo findings that iodination of the thyroid hormone is not per
formed by the epithelial cells. 

D R . NADLER: Radioautographs of unfixed thyroids after an injection of radio-
iodide, 1 2 5 I (by a method derived from that kindly demonstrated by Dr. Ross) 
suggested to Dr. Benard that this labeled ion is soon found in the cells as well as in 
the lumen of the thyroid follicles. However, radioautographs of routinely fixed 
thyroids in which just the bound iodine is retained showed that the label is found 
only over the lumen of the follicles; that is, at its periphery just at the cell-colloid 
interface, so that the binding of iodide to the protein moiety of thyroglobulin takes 
place in this region of the lumen. 

However, it has been shown that the rate of iodination of thyroglobulin is 
influenced by the follicular cells, and it is suspected that this influence is exerted 
by the elaboration of an oxidizing enzyme responsible for iodination. Thus, since 
the thyroid cells pick up iodide ions which they release into the lumen of the 
follicles, since they elaborate the protein moiety of thyroglobulin and since they, 
no doubt, elaborate the enzyme which binds iodide to thyroglobulin, then, in a 
strict sense, the epithelial cells do perform the iodination of thyroglobulin, but they 
effect the performance in the lumen of the follicles. 

D R . BELANGER: In rapidly dehydrating fixatives such as ethanol, the colloid 
of medium-sized and large follicles is distributed into three zones which by Masson 
or Mallory staining show no stain, blue stain, or red stain, respectively. Only the 
blue-stained colloid contains 1 2 5 I or 1 3 1 I at short times after injection (up to 1 
hour) . Is the heterogeneity significant? Is only the blue-staining colloid capable of 
accepting iodine? 

D R . LEBLOND: When the colloid is examined under living conditions or after 
osmic acid fixation in young adult rats, the colloid appears uniform throughout in 
small as well as in large follicles. But irregularities are observed with many fixatives 
(e.g., alcohol). The irregularities are probably artifacts. 

However, artifacts may be meaningful. Thus it is not impossible that alcohol 
fixation might separate within the colloid a more labeled from a less labeled protein. 

D R . REVEL: Is it possible that the inhomogeneous labeling observed by Dr. 
Belanger with 1 2 5 I reflects the availability of sites which can be iodinated rather 
than be due to a concentration gradient of iodinating enzyme? 

D R . NADLER: While in some other species, such as mouse and man, it is true 
that not all follicular cells function equally, in the young adult rat (which has been 
the subject of most of our investigations), the cells are remarkably uniform in the 
rate of synthesis and secretion of the protein moiety of thyroglobulin, and also of 
its iodination. 

With regard to the factors governing the rate of iodination in the lumen, recall 
first that, seconds after a single injection of radioiodine, radioautographs of routinely 
fixed rat thyroids reveal the presence of silver grains uniformly over the periphery 
of the follicle lumens, giving rise to the so-called "ring reaction" of Leblond and 
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Gross. This consistent observation means that iodination of thyroglobulin occurs 
at a uniform rate around the periphery of the follicle lumen. Now, consider in turn 
the three agents involved in the iodination process: iodide, the protein moiety of 
thyroglobulin, and the enzyme which facilitates binding. With regard to iodide, 
we know that, minutes after injection of radiodide, radioautographs of unfixed 
sections (Benard) show a diffuse reaction over the colloid of the lumens, as well 
as over the cells, so that the inorganic ion is available throughout the lumen. With 
regard to the second agent, it has been shown (unpublished data of A. Petrovic), 
from spectrophotometric studies on the intensity of protein stains of the colloid, 
that the concentration of the protein moiety of thyroglobulin is uniform throughout 
the lumen of all follicles. Moreover, since the average thyroglobulin molecule is 
never quite saturated with iodine, it is unlikely that the rate of binding of iodine 
reflects simply the availability of sites which can be iodinated. This leaves us with 
the third possibility; namely, that iodination takes place in the periphery of the 
lumen because of the presence of an enzyme which is released by the follicular cells 
into this site; and I suspect that the relative decrease in iodination observed in the 
center of the lumen is due to the want of this enzyme. 

D R . D R O Z : The isotopic equilibrium is a method which allows replacement of 
iodine content of the thyroid gland by isotopic iodine 1 2 5 I which, with time, reaches 
the same specific activity as that of the iodine given in the diet (Simon, C , and 
Droz, B., Proc. 5th Intern. Congr. Thyroid, Rome 1965). In other words, after the 
isotopic equilibrium has been reached (in about 2 months) , radioautographs of the 
thyroid gland reveal how the bound iodine is distributed in thyroid follicles. While 
most of the silver grains are located randomly over the colloid, some are constantly 
seen over the cytoplasm of the follicular cells, where they are mainly superimposed 
on the colloid droplets, free or combined to lysosomes (zymogen-like granules). 
I would like to know how Dr. Nadler and Dr. Leblond interpret the presence of 
1 2 5 I in these structures. 

D R . LEBLOND: Since the colloid would be fully labeled with iodine, any colloid 
droplet taken up into the cells would also be labeled. Some of the work of Dr. Van 
Heyningen here and of Dr. Wollman at the National Institutes of Health suggests 
that colloid droplets combine in the cells with the "zymogen-like granules" (which 
are probably the same structures as the "dark granules" or "lysosomes"). Hence, the 
labeled structures shown by Dr. Droz would in fact be combinations of these 
granules with colloid droplets. 



WHAT RADIOAUTOGRAPHY HAS ADDED TO 
PROTEIN LORE 

C. P. LEBLOND 

Department of Anatomy, McGill University, Montreal, Canada 

The steam engine was used by some biologists of the 19th century as a 
model to which the body might be compared. The organs were commonly 
described as unchanging structures, like cogs and wheels, fueled by food. 
When Voit and Rubner in Germany and Atwater in America [34] 
succeeded in keeping animals and man in nitrogen equilibrium (that is, 
with the ingested protein nitrogen balancing the nitrogen excreted in 
urine and feces), they assumed that all the excreted nitrogen came from 
the combustion of food (except for a minute fraction coming from worn 
out or damaged tissues). 

Therefore, in the 1930's, when Schoenheimer and Rittenberg, Borsook, 
and others administered amino acids or protein labeled with heavy 
nitrogen to animals in nitrogen equilibrium, the expectation was that 
all the label would soon appear in the excreta. Instead, only one-third 
did. Therefore, only one-third of the ingested proteins had been used 
as fuel; the rest had been retained in the body. Conversely, two-thirds 
of the excreted nitrogen must have come from sources other than food 
protein, that is, from the protein making up organs and tissues. The pos
sibility was then considered that tissue proteins were turning over and 
that organs were not the unchanging static structures postulated by 
19th century biologists. 

Radioautography was an ideal tool to find out what happened to pro
teins within organs and tissues. However, in 1940, the technique which 
consisted of placing a section in apposition with a photographic plate 
yielded crude pictures with poor resolution: and, in any case, no ade
quate radioactive precursor of proteins was available. 

The situation improved in 1946, when a technique was devised with 
Belanger in which sections were "coated" with liquid emulsion [5, 31], 
thus ensuring an intimate contact between section and emulsion and 
vastly improving resolution. In 1947, the introduction of the stripping 
film technique by Pelc provided the same benefits [44]. 

Meanwhile, the first tracing of labeled protein by radioautography 
was done unwittingly by Bloom, Curtis, and McLean in 1947, when they 
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injected 14C-bicarbonate into rats. They found that undecalcified sections 
of bone caused a radioautographic reaction, which they attributed to the 
uptake of labeled carbonate within bone salts [6]. When this experi
ment was repeated at McGill in 1953, the reaction was found to 
persist after decalcification, so that the radiocarbon must have been 
taken up into bone matrix, presumably as a protein [19]. Bicarbonate was 
not quite adequate as protein precursor, since it could also enter 
carbohydrates [19]. Neither was the next substance used, 14C-glycine 
[16, 25], since it also passed into nucleic acids [1]. From 1955 on, use 
was made of 35S-methionine [4, 32], 14C-phenylalanine [17], and other 
amino acids which may be considered to be specific for proteins. In 1957, 
there appeared on the market three amino acids (leucine, glycine, and 
methionine) labeled with tritium, a soft beta emitter ideally suited for 
radioautography. During the next few years, a large number of tritium-
labeled amino acids became available. Studies of protein synthesis by 
means of radioautography became more and more numerous with time. 

What has been achieved will now be briefly summarized. The present 
article consists of remarks that were to be presented at the end of the 
symposium (but were not, because of lack of time). In a first part, com
ments are made on the procedures used in radioautographic work. A 
second part deals with the sites of protein synthesis, and a third part with 
the fate of newly synthesized proteins. 

PROCEDURES 

The basic procedure is a familiar one. A labeled amino acid is injected 
into an animal. Within minutes the labeled amino acid appears in blood 
and tissues. A significant amount remains there in a free form for only a 
short time, at most a few hours after injection. 

Proteins synthesized during that time take up the radioactive amino 
acid and thus incorporate its label (Fig. 1). When the animal is sacrificed 
and the tissues processed for histology, the unused labeled amino acid 
that may still be present is washed out, while the labeled protein is re
tained and may be detected in the sections by radioautography. 

Thus, the sites of radioautographic reaction immediately after injec
tion are sites of protein synthesis. With time, the intensity of the reactions 
over these sites decreases gradually (Fig. 2), because of either local 
breakdown or emigration of the newly formed protein. 

Experimental Animals 

Instead of seeking nitrogen equilibrium, it is customary today to aim 
at an over-all balanced equilibrium so as to maintain a steady state of the 
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various metabolic systems of the animals. For this reason, the animal of 
choice is an adult which has completed growth or nearly so, e.g., a 30-gm 
mouse. A male is preferred to avoid interference from the estrus cycle. 
The animal is fed a balanced diet and is tamed to avoid excitement at 
the time of injection. Diurnal variation may have to be taken into account, 
since our experience (briefly quoted on p. 16 in ref. [57]) indicates that 

one DNA strand 
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valine lysine glycine 
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FIG. 1. Diagram of protein synthesis in cytoplasm. At upper right, a deoxy-
ribonucleic acid (DNA) strand is represented by its bases (A, adenine; T, thymidine; 
C, cytidine; and G, guanine). For ribonucleic acid (RNA) synthesis, each base 
residue of DNA takes up the corresponding free base (adenine takes up uridine; 
thymidine takes up adenine; cytidine takes up guanine; and guanine takes up 
cytidine). Once a molecule of RNA is completed, it separates from the DNA strand 
and migrates out of the nucleus into the cytoplasm. In certain regions contact is 
established between ribosomal and messenger RNA. Then the latter successively 
picks up transfer RNA's, whose three bases meet with the three corresponding bases 
on the messenger RNA. Then, the amino acid carried by each transfer RNA is in
serted onto the protein chain. 

Let us for instance consider the 10th, 11th, and 12th bases of the DNA strand 
at upper right. All three are adenines. They give rise to a series of three uridines 
in the messenger RNA. When the messenger makes contact with ribosomes, one of 
which is depicted here as a black sphere, protein synthesis gets under way. The 
sequence of three uridines can only pick up a transfer RNA with three adenines, 
that is, the one which carries phenylalanine. When this occurs, phenylalanine is 
added to the growing protein chain. 

In this manner, a radioactive amino acid is incorporated into a protein, which 
thus becomes radioactive itself and may eventually produce a radioautographic re
action. 
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while protein synthesis occurs continuously at all times of day, there are 
minor diurnal fluctuations. 

With these various precautions, the sites of label uptake reveal where 
proteins are synthesized under steady state conditions. 

FIG. 2. Radioautographs of unstained tissues taken from rats injected with 
35S-methionine at the age of 3 days and sacrificed at various time intervals thereafter. 
At left, it is seen that 35S-methionine uptake differs in different tissues. With time, 
the intensity of the radioautographic reactions decreases, indicating decrease in con
centration of labeled proteins. In a few tissues this phenomenon may be attributed 
to emigration of labeled protein (e.g., the release of protein enzymes from pancreatic 
cells). The decrease of the reactions in other tissues is due in part to the dilution of 
labeled proteins in the course of growth and in part to loss of proteins by breakdown 
and turnover. (In adult non-growing animals, there is a similar decrease in radio
activity with time, which can only be attributed to protein turnover.) Reproduced 
from Karpishka and Carneiro [23]. 

Nature of Radioactivity in Sections after Amino Acid Injection 

Does the radioactive material retained in tissue sections after labeled 
amino acid injection consist of protein? Since biochemists routinely use 
cold trichloroacetic acid to precipitate proteins, our early work on the 
distribution of 35S-methionine with Everett and Simmons made use of 
organs fixed in trichloroacetic acid prior to radioautography [32]. Simul
taneously, trichloroacetic acid precipitates of the same organs were ex
amined in the Geiger counter. The Geiger counts appeared to be propor
tional to the radioautographic intensities. Hence, the reactions, like the 
Geiger counts, were attributed to newly formed protein [32]. Although 
cold trichloroacetic acid precipitates also contain nucleic acids, Droz and 
Warshawsky found only traces of radioactivity in these acids, at least 
after injection of labeled leucine [15]. They also showed that free leucine 
was not absorbed on the proteins retained in sections [15]. 

In theory, decisive evidence of the uptake of a labeled amino acid 
into a protein requires demonstration of its presence as a residue within 
the protein. In radioautographs, it can only be shown that amino acids 
are taken up in the same proportion as the corresponding residues of 
the protein. Thus, when 3H-leucine was mixed with fresh rat blood in 
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vitro and the smears radioautographed (Fig. 3) , the grain counts over 
reticulocytes were 5-6 times higher than when 3H-tyrosine was used 
(Fig. 4). Since reticulocytes are known to synthesize hemoglobin—a 
protein with 5.3 times more leucyl than tyrosyl residues—the similarity 

• 

FIG. 3. Radioautograph of blood smear. Fresh rat blood was incubated for 1 
minute with 3H-leucine, supravitally stained with brilliant cresyl blue and smeared 
on glass slides. The smears were then fixed in methanol, radioautographed by the 
coating technique, exposed for 6 days, and post-stained with Giemsa. The cell in 
the center (R) contains the reticulum characteristic of reticulocytes. Furthermore, 
this cell is overlaid by silver grains, indicating uptake of labeled leucine. The 
reticulocyte is therefore a site of protein synthesis. Magnification: χ 1000. Repro
duced from Pinheiro et al. [48]. 

in the proportions was evidence that the radioautographs of reticulocytes 
were due to synthesis of this protein [48].x 

Analysis of Results in the Light Microscope 
The problem is twofold. The structure which is the source of radio

activity must be identified and then the concentration of radioisotope in 
this structure must be measured. Usually the identification of the source 
is easy, but quantitation is difficult. The theory of quantitative radio-
autography was formulated by Nadler in 1953 [39] and will now be 
summarized with emphasis on the use of tritium. Three steps may be 
considered. First, the grain count has to be measured accurately. Then, 
the grain count has to be related to radiation exposure (that is, the 
amount of radiation received by the emulsion during exposure time). 

1 The similarity in the radioautographic pattern of uptake of various amino acids 
mentioned in the articles of Schultze et al. and of Greulich in this volume reflects 
a rough similarity in the amino acid composition of many proteins. 
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Finally, the radiation exposure has to be related to the radioisotope con
centration in the structure under study. 

(1) The grain count is usually obtained by estimating the number of 
silver grains per unit area over a given structure. It is also possible to 

Reticulocytes 
-Leucine) 

25 

20 

S 15 

10 

Ξ R L Reticulocytes 
(3H-Tyrosine) 

Erythrocytes 
(3H-Leucine) 

15 
Time from start of incubation (min.) 

30 

FIG. 4. Comparison between mean grain counts over reticulocytes after incuba
tion of fresh rat blood with 3H-leucine or 3H-tyrosine and radioautography of the 
smears under identical conditions. With either precursor, reticulocytes become labeled, 
and the labeling increases with time. (The grain count over erythrocytes is equal to 
background fog.) The mean grain count is five to six times higher with 3H-leucine 
than with 3H-tyrosine at the three time intervals. Reproduced from Pinheiro et ah 
[48]. 

measure the intensity of radioautographic reaction by photometric or 
mechanical densitometry, but direct grain counting is usually preferred 
as it is not influenced by staining density and can be done over a discrete 
structure, however irregular. 

The emulsion selected must be developed so as to yield grains large 
enough to be readily counted (in the case of AR 10 stripping film, it 
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is advantageous to prolong the development, e.g. 10 min in D-170). 
Furthermore, the grain count must be true. There must be neither 
addition of grains due to fogging and other artifacts, nor loss of grains 
due to the use of acids or other chemicals in post-staining. For instance, 
differentiation of hematoxylin in acid was shown by Kopriwa to be un
safe [25a]. 

(2) Grain count is dependent on the nature of the radiation and on 
the sensitivity and thickness of the emulsion as well as development pro
cedure [39]. However, for a given radiation, e.g., from tritium, and for 
a nuclear emulsion of a sufficient thickness, there is, within a wide range, 
proportionality between radiation exposure and grain count, provided 
fading of the latent image is avoided (Figs. 15 and 16 in ref. [26]). With 
the widely used NTB2 emulsion, fading is prevented by exposing un
stained preparations in a dry atmosphere at 4°C [26], 

(3) The extent to which the radioisotope concentration influences 
radiation exposure depends largely on the extent of beta ray absorption 
within the structure that emits radiation (self-absorption) and within 
the rest of the section (tissue absorption). 

In the case of tritium, Maurer and Primbsch found that the self-ab
sorption within nucleolus, karyoplasm, and cytoplasm of liver was pro
portional to the relative densities, estimated at about 5, 1, and 1.5, re
spectively, in the interference microscope [37]. Grain counts (or radiation 
exposure) for these structures would have to be multiplied by the respec
tive figures. 

The tissue absorption of tritium is negligible in sections 0.1 μ thick or 
less. In sections up to about 3 μ thick, the absorption increases with the 
thickness [37]. But when sections are 3 or more μ thick, the beta rays 
from the deeper regions do not reach the surface, so that the thickness no 
longer influences radiation exposure. Because of this tissue absorption, 
grain counts should be related to the upper surface only of a structure. 
Counts over tiny structures such as a nucleolus should be done when the 
upper surface of the section cuts through them. 

In practice, many of the difficulties due to beta ray absorption may be 
avoided when comparative grain counts are made on the same structure, 
for instance when counts over thyroid cells are compared at several times 
after labeled amino acid injection. The procedure is to mount the thy
roids of all the animals in a single paraffin block, thus ensuring the same 
conditions (section and emulsion thickness, development, etc.) for all 
the specimens to be compared. The various grain counts are then propor
tional to radioisotope concentration. 
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Analysis of Results in the Electron Microscope 

The first problem is to identify the source of the radioactivity eliciting 
the production of the radioautographic reaction. This is fairly easy with 
large sources, such as nucleus or Golgi zone (Fig. 8 in Droz's article, p. 
166), but is often difficult when the source is small, as will be shown. 

With a tissue source larger than a silver grain, there is usually, as in 
light microscopy, sufficient radioactivity emitted to produce a group of 
silver grains that is readily related back to the source. However, when 
the source is smaller than a silver grain, e.g., a ribosome, there is a limited 
amount of radioactive isotope present which, during the time of exposure, 
may emit very few radioactive particles, possibly only one and perhaps 
none. Thus, usually one can expect a single hit on a silver bromide crystal, 
which in a sensitive emulsion results in a silver grain. Therefore the 
radioautographic reaction will consist of scattered single grains, and the 
problem is to relate the collection of these grains to a particular structure 
in the underlying tissue. For instance, to trace newly formed glycogen 
[11, 12], which requires relating silver grains (about 1200 A) to glycogen 
granules (about 240 A), the distances from grain centers to suspected 
granules have to be measured; and the observed distribution of these 
distances has to be compared with the theoretical distribution expected 
in such cases, according to the theories of Granboulan and Salpeter given 
in this volume (Fig. 3, p. 47). 

The second problem—quantitation—is again particularly difficult for 
small sources. For fairly large sources of radioactivity, the grain count is 
obtained by averaging the number of grains per unit area over a given 
structure in various localities, then, as performed by Ross in this volume, 
dividing the grain count by the per cent volume occupied by the structure 
in the tissue (measured by histometric methods) and, briefly, deriving 
the concentration of radioisotope in the source according to the reasoning 
used in light microscopy (Fig. 11, p. 286). In the electron microscope, 
the sections are so thin that there is neither self-absorption nor tissue 
absorption, and the amount of radiation emitted is directly proportional 
to section thickness. An exact control of section thickness would therefore 
be useful for quantitative work in the electron microscope. It is hoped 
that automatic microtomes will soon make it possible to cut sections of 
known thickness. 

For small sources of radioactivity, a grain count can only be obtained 
by assessing the incidence of all observed grains which can be assigned 
to the structure under consideration. Since absorption is not a problem, 
this incidence is a measure of the relative amount of radiation emitted by 
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the structure. Then, this is related to the relative concentration of radio-
isotope in the structure by measuring the relative volume of the structure. 

Mathematical Analysis 

Mathematical analyses used in radioautography, like those in bio
chemistry, are usually based on the postulate that the structures con
sidered are sufficiently simple and large to be treated as a series of pools, 
in each one of which the entering molecules are randomly mixed with 
preexisting ones, so that any molecule of the pool has the same chance 
to leave. Under these conditions the turnover time of protein in a struc
ture, that is the time taken to replace an amount equal to that present, 
is really the mean time spent by any molecule in the pool [60]. 

The simplest method for measurement of the turnover time (or of its 
inverse, the turnover rate) is one in which absorption problems cancel 
out. After the precursor has left the circulation, the decrease in grain 
count plotted on semi-logarithmic paper versus time yields a straight 
line if only one labeled substance is involved, so that the negative slope 
gives the turnover rate, that is the inverse of turnover time, of the sub
stance. Or the line may show two slopes, indicating the existence of two 
proteins with different turnovers (as in Figs. 1-3 of Droz's article, p. 160). 

When the passage of a protein from one pool to another is investi
gated, it is necessary to make use of specific activities. A substance A is 
the precursor of a substance B if the specific activity curve of A plotted 
against time cuts the specific activity curve of B at its maximum. The 
measurement of specific activities usually involves two arduous tasks, the 
estimation of absolute concentrations of radioactivity on the one hand 
and the measurement of the protein content on the other hand, as dis
cussed in ref. [57]. 

An unexpected benefit of the use of electron microscopy was to force 
reexamination of the assumptions made by biochemists and light micros-
copists in their mathematical analyses, that is, random and equal oppor
tunities for all molecules in each pool [60]. When structures were 
examined in the electron microscope, it became clear that molecules often 
proceed in an oriented manner through a compartment and, therefore, 
classical formulations may not apply. When the molecules go along the 
whole length of a compartment, they may still have a normally dis
tributed turnover time (although it would be more appropriate to speak 
of transit time), but when they follow different lengths of pathway in 
the compartment, their mean transit time then varies from low to high 
values without necessarily being normally distributed. New mathematical 
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models of migration and turnover time are being developed by Nadler 
to fit in with this concept. 

SITES OF PROTEIN SYNTHESIS 

Protein Synthesis in Nucleus and Cytophsm of All Cells 
There was a time, not too long ago, when protein synthesis in mam

mals was believed to be a specialized function of certain cells, such as 
liver cells, plasma cells, and so on [18], which would then supply the rest 
of the body with proteins. However, early radioautographic works re
vealed the widespread distribution of the reactions [19, 32] and led to 
the conclusion that the cytoplasm [32] as well as the nucleus [9] of all 
examined cells synthesized protein continuously. Thus, protein synthesis 
appears to be a universal phenomenon in mammalian cells, and perhaps 
in all animal and plant cells. 

Conversely, no protein synthesis has ever been observed to take place 
outside cells, although a protein coming out of a cell may undergo 
changes or a "maturation." For instance, while thyroglobulin is synthe
sized in the follicular cell of the thyroid, its iodination takes place in the 
lumen of the follicle [40]. 

Cytoplasmic Protein Synthesis 
The sooner a tissue is fixed after injection of a labeled amino acid, 

the better is the chance that the newly formed protein will still be at its 
site of synthesis. In work with Everett and Simmons, published in 1957, 
it was thought that sacrificing the animals 4 hours after injection of a 
labeled amino acid would be early enough to pinpoint the sites of pro
tein synthesis in radioautographs [32]. It took a fair amount of work to 
realize how wrong this point of view was. Thus, in pancreatic acinar cells 
the time had to be reduced to 2-5 minutes after injection to be sure that 
most silver grains were restricted to a definite region of the cells [57]. 
At such early times, the reactions were located over the ribosome-rich 
regions of the cytoplasm, that is, over the ergastoplasm (Fig. 5). This is 
true of all cells examined so far, except for discrete reactions observed 
by Swift over mitochondria, indicating the possibility of a small degree 
of protein synthesis there [55]. 

The turnover time of proteins in the ergastoplasm of pancreatic acinar 
cells was estimated to be of the order of 5-6 minutes [57]. This time 
would seem to include not only the time taken for protein synthesis, that 
is, one or more amino acids per second according to Anfinsen [2], but 
also the time taken for the newly formed proteins to migrate out of the 
zone (that is, what was called above mean transit time). 
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FIGS. 5, 6, and 7. Protein synthesis and migration in the acinar cells of pancreas, 
as seen in hematoxylin and eosin stained radioautographs of acini from rats injected 
with 3H-leucine. Pancreatic acini are composed of several cells associated around a 
tiny lumen (not visible here) in such a way that their basal ergastoplasm shows as 
a basophilic peripheral band (e ) enclosing their light-staining apical region filled 
with zymogen granules ( z ) . Within the zymogen region of each cell, the proximal 
portion (close to the ergastoplasm) contains the Golgi complex. 

At 2 minutes after injection of 3H-leucine (Fig. 5 ) , the silver grain reactions are 
confined to the ergastoplasm ( e ) . At 30 minutes (Fig. 6 ) , the reaction over the 
ergastoplasm (e ) is slightly heavier than at the previous time intervals, but a more 
intense reaction is now over the proximal portion of the region of zymogen granules, 
where clusters of silver grains (corresponding to the Golgi region) are distinct ( g ) , 
while the central portion of this region (z ) shows no reaction. Later (4 hours, Fig. 
7) the reactions extend to the whole zymogen region ( z ) . Magnification: X 1000. 
Reproduced from Warshawsky et al. [57]. 
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Nuclear Protein Synthesis 

Protein is synthesized in both nucleolus and karyoplasm [30, 52]. The 
total amount of protein made is related to the size of the nucleus [38, 42]. 
Thus, a tetraploid nucleus of liver has twice the volume of, and makes 
twice as much protein as a diploid nucleus, so that both types of nuclei 
synthesize protein at exactly the same rate [7]. The rate of nuclear protein 
synthesis was not too different in several neurons, but was less in Sertoli 
cells and lymphocytes. (The rate for large, medium, and small lympho
cyte nuclei was 72, 34, and 26%, respectively, of that of liver nuclei [7].) 
Yet, the work of Schultze et al., described in this volume, makes it clear 
that when many types of nuclei are considered, nuclear size is roughly 
proportional to the amount of protein formed in the nucleus (Fig. 8, p. 
125), so that the rate of this synthesis would be roughly the same in all 
nuclei. Probably, nuclear size is related to the rate of ribonucleic acid 
(RNA) synthesis, which in turn controls the rate of protein synthesis 
in the nucleus (and presumably in cytoplasm as well). 

In conclusion, since protein synthesis occurs continuously in the nu
cleus and cytoplasm of all examined rat cells, and presumably in all living 
systems, it is likely that this continuous synthesis is a basic characteristic 
of life. 

FATE OF PROTEINS 

Three types of protein behavior may be considered: (a) The best 
understood is that of the proteins present in secretions, for instance the 
enzyme proteins produced by the pancreas; such proteins are elaborated 
in the cell and released, usually into a lumen, (b) Another readily under
stood case is that observed in "renewal systems' [28], that is, the organs 
in which new cells are being continuously produced (e.g., hemopoietic 
tissues); proteins have to be built up as new cells are formed to replace 
those lost, (c) A less well understood case is that of proteins undergoing 
intracellular turnover; they are referred to as sedentary proteins. The 
three cases will now be considered, starting with the last one. 

Turnover of Sedentary Proteins 

Within minutes after injection of a labeled amino acid into an adult 
animal, radioautographic reactions were observed over the cells of mus
cle, kidney, adrenal gland, and many others which, as far as we know, 
do not secrete protein nor undergo renewal [32]. These reactions per
sisted for several weeks or months, but eventually disappeared (Fig. 2). 
Hence, they were due to proteins that turn over. 

It is likely that these proteins are used for the renewal of intracellular 
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components (nucleus, mitochondria, Golgi, etc.). In the cytoplasm, it is 
suspected that the lysozomes, which contain proteolytic enzymes, asso
ciate with other cell organelles and cause their lysis [59], so that the 
newly formed proteins would provide for the replacement of cell organ
elles. In the nucleus, it is likely that some of the proteins turn over in situ 
(Schultze et ah, this volume), while others migrate back and forth be
tween nucleus and cytoplasm (Goldstein, this volume). These various 
types of cytoplasmic and nuclear proteins remain within the confines of 
the cell and are accordingly called sedentary. 

Sedentary proteins also exist in secreting and renewing cells. For in
stance, when, following an injection of radioactive amino acid, the pan
creatic acinar cells secrete labeled enzymes, a significant amount of 
radioactivity remains in the cytoplasm afterwards [57]. While some of 
this radioactivity may be due to reutilization of amino acids released by 
the breakdown of labeled proteins, the bulk of it is attributed to proteins 

TABLE I. Approximate Turnover Time of Proteinsa 

Site Exportable Sedentary 

Neurons 1 day 2 weeks 
(axonal proteins) 

Thyroid cell 9 hours 2J/2 weeks 
(thy ro globulin) 

Pancreas cell 1 hour 2 days 
(pancreatic enzymes) 

0 After Nadler, quoted in ref. [29]. 

turning over intracellularly, that is, to sedentary proteins. Table I, which 
is based on calculations neglecting reutilization, provides a comparison 
of the turnover time of sedentary and secretory—or exportable—proteins 
released by the same cell.2 

Renewal Systems 
Several organs of non-growing animals exhibit mitotic figures which 

yield cells replacing lost or dying cells. Thus, in the intestinal epithelium, 
the mitosis of the crypts provide cells which migrate onto the villus sur
face to replace cells lost from the villus tips. Similar cell renewal takes 
place in many surface epithelia [36] (e.g., epidermis), in blood-forming 
organs, in testis, etc. When these organs are radioautographed after injec
tion of a labeled amino acid, active protein synthesis is found [32] in 
direct proportion to the number of cells being produced. 

2 Table II of Tonna's article in this volume gives the half life (turnover time 
X0.693) of exportable and sedentary proteins in bone and cartilage cells. 
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One may well wonder why body components, such as cells or individ
ual proteins, are being renewed. A priori, living matter could overcome 
environmental hazards in two ways. First, the formation of new living 
matter could be triggered in case of wear or damage, and thus provide 
repair. Secondly, there could be continuous formation of new living 
matter with corresponding loss taking place whether or not there had 
been damage. The second procedure, although costly in terms of energy, 
has important advantages: simplicity since no feed-back mechanism is 
required to trigger synthesis, and efficiency since cells and proteins are 
usually cast off before they have a chance to become damaged by wear 
and tear. In modern industry, procedures of the second type have often 
proved more effective than those of the first, e.g., the replacement of parts 
of airplane engines before they have a chance to wear out. It is likely 
that the renewal of some cells and proteins proved beneficial and was, 
therefore, preserved in the course of evolution. 

Secretory Proteins 

One of the most exciting findings arising from electron microscope 
radioautography is the discovery of the complex pathway by which secre
tory proteins migrate from their site of synthesis—the ergastoplasm—to 
the outside of the cell. The pattern is that the new protein goes from 
ergastoplasm to Golgi complex, from where it comes out in secretion 
granules or vesicles, which finally take their content to the outside. The 
sequence has been observed in cells of cartilage by Revel and Hay [50], 
connective tissues by Ross and Benditt [51], thyroid by Nadler et al. [40], 
pancreas by Warshawsky et al. (Figs. 5-7, ref. [57]), as well as by van 
Heyningen [56] and Caro and Palade [10], mammary glands by Wellings 
and Philp [58], and probably ameloblasts.3 

By piecing together information obtained from various cells, the de
tailed sequence of events appears to be as follows: (a) A messenger RNA 
(Fig. 1) associates with groups of ribosomes, referred to as "polysomes" 
and elicits protein synthesis. In secretory cells, most polysomes lie on 
the outer surface of the cisternae of the endoplasmic reticulum. (b) The 
newly formed protein leaves the polysome, crosses the cisternal mem
brane, and passes into the cisternal fluid, a step shown in the follicular 
cells of the thyroid, where silver grains appear over the lumen of cis
ternae (Fig. 6, p. 308). (c) The proteins are believed to be carried in 
microvesicles from the cisternae of endoplasmic reticulum to the Golgi 
saccules [10]. (d) The saccules give rise to secretion granules, e.g., the 

3 This work was the object of a demonstration by H. Warshawsky at the 
symposium (mentioned in the discussion of Greuliche article, p . 214) . 
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zymogen granules of pancreatic cells (Fig. 3, p. 266), or to vesicles, e.g., 
the apical vesicles in thyroid cells (Fig. 7, p. 308; Fig. 8, p. 310). (e) 
Finally, the secretion granules or vesicles open up at the surface of the 
cell where they release their content (Fig. 5, p. 268; Fig. 10, p. 285; 
Fig. 10, p. 310 ).4 

Role of the Golgi Complex 

An intriguing feature of the scheme is why secretory proteins go 
through the Golgi complex. The classical explanation is a rather weak 
one, summarized in the words "packaging of secretion." Recent findings 
suggest two more exciting possibilities. 

One is based on biochemical observations of Seed and Goldberg 
concerned with the formation of thyroglobulin in the thyroid gland [53]. 
Within minutes after administration of labeled leucine, a radioactive 
protein is detected which has half the size of thyroglobulin, while 30-45 
minutes later labeled full-size thyroglobulin appears and increases in 
amount. On the other hand, radioautographs after 3H-leucine injection 
show a reaction over the ribosomes at 10 minutes, whereas Golgi re
actions appear after 30 minutes (p. 303 and following). It is, therefore, 
possible that the Golgi region is the site where the smaller protein mole
cules combine to give rise to full-sized thyroglobulin. 

An equally stimulating clue was provided by the frequent finding in 
the Golgi region of glycoprotein, as shown by the periodic acid-Schiff 
technique [47] and of acidic carbohydrates, as shown by the colloidal 
iron technique [3]. These complex carbohydrates are also found in the 
secretion itself [33, 35], where their content may be high as in mucous 
secretions or low as in serous secretions (e.g., pancreatic acinar cells). 
Since glucose is used as a building stone in the course of synthesis of 
complex carbohydrates [13, 14], 3H-glucose could be injected and radio-
autography used to locate the sites of synthesis of these carbohydrates.5 

At an early time after injection, 5 minutes, strong radioautographic 
reactions were found over the Golgi region of goblet cells of intestine 
(Fig. 8), mucus-secreting cells of sublingual and submaxillary glands, 

4 Proteins which are secreted into the blood stream (like the plasma proteins 
released by liver cells) or into connective tissue spaces (like collagen elaborated 
by fibroblasts) may turn over in their new compartment. Collagen is a particularly 
interesting case. Radioautography indicates that the dentinal collagen is stable 
[8, 20, 24], in agreement with biochemical observations of very slow collagen turn
over [41, 54]. However, in this volume, Carneiro reports the finding of a collagen with 
fairly rapid turnover in the periodontal ligament (Fig. 3, p. 250) . Thus, a given type 
of protein may have a different turnover in different locations. 

5 This work was the object of a demonstration of Miss Marian Peterson (now 
Mrs. R. Neutra) at the symposium. 
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Brunner gland cells of duodenum, chondrocytes, etc. Moderate reactions 
were found over the Golgi regions of other cells, such as the chief cells 
of intestine (Fig. 9). At later times after injection, e.g., 1-3 hours, the 
reactions appeared over the secretion product. It was concluded that the 

FIG. 8. Periodic acid-Schiff stained radioautograph of duodenal epithelium from 
100-gm rat following 3H-glucose injection. The heavily stained tadpole-shaped struc
tures are the goblet cells; the "tails" correspond to their Golgi region ( g G ) . Between 
the goblet cells lie the unstained columnar cells. At top, a narrow portion of the 
intestinal lumen ( L ) is lined on both sides by the striated border. Silver grains are 
accumulated over the Golgi region of goblet cells ( g G ) . The grains scattered over 
the cytoplasm of chief cells predominate over their Golgi region ( cG) . Magnifica
tion: X 1300. Reproduced from Peterson and Leblond [47]. 

FIG. 9. Periodic acid-Schiff-hematoxylin stained radioautograph of colonic epi
thelium, 5 minutes after injection of 3H-glucose into the lumen of the colon. Two 
goblet cells out of focus appear as two hazy spots at right. The field shows a series 
of columnar cells, with the intestinal lumen at top ( L ) . Local injection allowed con
tact of the cells with a large dose of 3H-glucose. Under these conditions, silver grains 
are regularly found over the Golgi region of chief cells ( cG) . Magnification: χ 1300. 
Reproduced from Peterson and Leblond [46]. 
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labeled glucose trapped in the Golgi region was incorporated into the 
secretion product, presumably as complex carbohydrate [46, 47]. 

The electron microscope showed silver grains over all the stacked 
Golgi saccules in the goblet cells of colon at 5 and 15 minutes after 3H-
glucose injection [45]. Hence, any Golgi saccule (of which the proximal 
ones have a narrow lumen, and the distal ones have a lumen containing 
a mucus-like material) would seem to provide for the synthesis of com
plex carbohydrates. By 1 hour, the labeled material had migrated from 
the Golgi region into the mucigen droplets of the mucous theca; and by 
3 hours, some label was seen in the excreted mucus outside the cell. 
Hence, the glucose label bound as a complex carbohydrate in Golgi sac
cules was released as a component of mucus.6 

In conclusion, the uptake of glucose in the Golgi region indicates that 
the Golgi complex provides for carbohydrate synthesis. Thus, the protein 
moiety coming from the ergastoplasm may not only acquire its full size 
in the Golgi complex, as suggested by the work of Seed and Goldberg 
[53], but may also combine there with carbohydrate [45-47]. The addi
tion of a carbohydrate component to protein secretion is probably the 
key step in the "packaging" of secretion. 

CONCLUSION 

Whenever we carry out a chemical analysis or prepare a section for 
radioautography from an animal in steady state, we see what happens at 
a given time in a system in which sequential chemical reactions and in-
tracellular migrations occur continuously. Radioautography has to be done 
at various times after injection of a labeled substance to visualize the se
quence of events as they happen normally. Particularly, the sites of syn
thesis of proteins and the course of their migrations may be identified, 
and the rates at which these phenomena occur may be measured. 

The nucleus and cytoplasm of all the cells examined synthesize pro
tein continuously. While some proteins turn over within nucleus or cyto-

6 It was recently observed by Miss M. Peterson that 3H-galactose is also taken 
up in the Golgi region. Thus, at 10 minutes, a particularly intense Golgi reaction 
was seen over the chief cells of intestine. By 30 minutes, much radioactivity had 
left the Golgi and accumulated at the apical surface. Since the material present 
at this surface is probably part of the "cell coat" [49], it may be speculated that 
the cell coat contains a complex carbohydrate which is rich in galactose and, in 
some locations, is fairly rapidly renewed. (I to and Revel have already reported 
passage of labeled protein and carbohydrate into the fuzz covering the apical sur
faces of these cells in the cat [21]) . 

Finally, since 35S-sulfate is also taken up in the Golgi complex of some cells 
[22, 43, 47], it is presumed that sulfated polysaccharides acquire their sulfate in 
the same region. 
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plasm, others migrate back and forth between these two parts of the 
cells, and others are released to the outside as secretory proteins. 

A common pathway has been described in this volume for a number 
of secretory proteins. From the ribosomes of the ergastoplasm where they 
are synthesized, these proteins migrate through the cisternae of the endo-
plasmic reticulum into the Golgi region, where they are "packaged" as 
secretion granules or vesicles. Since carbohydrate macromolecules are 
synthesized in the Golgi region, the packaging may involve their com
bination with protein to make up the secretory material. 

These and many other results reported in the present volume show 
that, in the protein field as in others, radioautography stands at the cross
roads of Biochemistry and Morphology. 
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