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ll~TRODUCTION 

11The body of anything whatsoever is nourished, 
continually dies and is continually renewed, 
•••••• just as the flame of a candle -a 
light which is also continual1y restored with 
the speediest of assistance from below by as 
much as is oo nsumed ab ove in dying, and the 
brilliant light is converted on dying into 
mur ky smoke 11 • 

Leonardo Da Vinci (1452-1519) 

The philosophical question of constancy and change, as 

applied to the proteins of the anirral body, has been a subject 

of controversy for over half a centu~r. The experimenta of 

Folin (1905 a) on the effect of the protein level of the diet 

on the composition of urine marked the begirilling of modern con-

cepts of protein metabolism. On the basis of his exper.iment, 

Fo1in (1905 b) assumed that protein catabolism is not a11 of 

one kind, but oould proceed via two pathways which are essentially 

independant and different. One pathway of catabolism is variable 

in quantity of end products, wrJ.le the other process constant. 

11 I would (therefore) call the protein metabolism which 
which tends to be constant, tissue metabolism or 
endogenous metabolism, and the other, the variable 
protein metabolism, I 1.vould call the exogenous or 
intermediate metabolism11 (Folin, 1905 b). 

The endogenous metabolism would then account for the nitrogen 

necessary for the body maintenance, while the exogenous metabol-

ism is dependant upon dietary nitrogen intake and excretion. This 

constancy of the tissue protein metabolism, as shown by Folin, was 



the basis on which the concept of protein stability was 

established. 

The validity of Folin 1 s conclusions on the constancy of 

endogenous protein catabolism has been strongly confirmed 

(Iviukherjee and lviitchell, 1949; Ivlitchell and Beadles, 1950; 

Blaxter and Wood, 1951). 

The ~rork of Schoenhèimer et al (1939) on intermediary pro-

tain metabo1ism, using N15 labelled amino acids, has dr~~tically 

affected the concepts of endogenous u~tabolism of Felin (1905 a) 

by demonstrating the extraordinary lability of tissue nitrogen. 

By showing that dietary leucine was direct1y introduced into the 

body proteins, the distinction between endogenous and exogenous 

protein metabo1ism as two separate catabolic processes, had to 

be rep1aced by the concept of a 11 general dynami.c sta te12 of the 

tissue proteins, interpreted by Hoss and Schoenheimer (1940) as 

"•••• automatic and non-interruptable biochemical 
processes, of synthesis as well as degradation, 
which are balanced by an unlmown regulatory mechan­
ism so that the total amount of the body material 
and its composition do not change". 

Rickenberg, Yanofsky and Banner (1953), on the basis of exper-

iments with Escherichia coli reintroduced the concept of body 

protein stability. Their experiments steœ~~d from the work of 

2. 

Spiegelman and Dunn (1947), who suggested that enzyme deaàaptation 

involves active metabolic breakdown of the enzyme in question, 

while the work of ~i~-ainwright a...Yld Pollack (1949) indicated that in 

certain instances deadaptation can best be accounted for on a basis 
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of 11diluting out 11 of performing enzymes. The results of Rickenberg 

et al (1953) show that in the case of (3 -galactosidase deadaptation, 

diluting out, and not metabolic breakdown was the process involved. 

Further data suggested tha t the protein (3 -galactosidase may not 

be unique in its stability. 

This point of view was c onfirmed by Hogness, Cohn and l·ionod 

(1955), again with the /) -galactosidase of Escherichia coli. In 

addition, their results lead to the conclusion tha t the non (3 

galactosidase proteins of the cell are stable in that they are not 

degraded to a mino acids by any mechanism. Cn first consideration 

this seer~ to be in direct opposition to Schoenheimer's results, 

however, as pointed out by Hogness et al, the discrepancies of their 

data with those of Schoenheimer r.aay be due to the fact tha.t their 

experiments vJ-ere of too short a duration to detect degradation rates 

of the order of magnitude of those found in ma.mrnalian systems. 

The technique of radioautography (p. 8 ) with radioactive labelled 

amino acids, when a pplied to the problem of sta.bility versus turn­

over of body proteins, yielded unequivo?able evidence favouring the 

concept of instability of the body proteins. Leblond, Everett and 

Simmons (1957) applied this technique to the study of methionine-

s35 distribution in intact, non-growing adult rats, under conditions 

in which protein synthesis for purposes of growth were elli1ûnated. 

They found that 4 hours after the injection of the labelled methio­

nine, the cells of all the tissues studied showed at least sorne 

degree of labelling. On the basis of the reaction intensities over 



various cells and tissues, three categories indicative of the 

rapidity of protein synthesis were created. Those tissues assoc­

iated with the formation of new cells form the first category, 

the second contains the cells which produce various types of secre­

tions, and the third category consists of tissues in which neither 

renewal nor secretory processes are known to occur. The reactions 

over the latter category of tissues were attributed to turnover 

of intracellular protein ma.terial. It was further concluded that 

the reactions observed radioautographically in 

represented a de novo synthesis of proteins. 

three categories 

This, and subsequent studies with radioautography and other 

techniques tend to confinn the dynamic rather than static state of 

most tissue proteins. However, it must be pointed out that sorne 

proteins, such a s the collagen of dentin, may be permanently stable 

(Greulich and Leblond, 1954; Carneiro and Leblond, 1959). 

The Basic Problem, and Purpose of the Experiments 

The experDnents of Leblond, Everett and Simmons (1957), in 

addition to ad:.ling confirmation to the dynamic state of tissue pro­

teins, had as their objective, the elucidation of the sites of 

protein synthesis in various tissues. The earliest time point 

selected for study, that of 4 hours after injection, was thought to 

reveal the sites of synthesis under the assumption that relatively 

long periods of time were required for the synthesis of a protein 

molecule. Thus, at 4 hours afterinjection of methionine-S35 into 



5. 

rats, the zymogen granule regions were t:!e most hea vily labelled 

a reas of the pancreat.ic acini. Hov;-ever, in keeping 1:rl th the the ory 

that proteins are synthesized in relation to the ribonucleoprotei!l 

particles (see page 26) it would be expected that the basophilie 

ergastoplasm,shown to contain the r~jority of these particles, is 

the site of protein synthesis. 

In addition, the radioautographic results of Hansson (1959) 

obtained with mice, rats and guinea pigs on frozen- dried and 

routL'1ely prepared sections after :L."'l.jection of s35 methionine and 

cystL'1e, showed no definite concentration of radioactivity in any 

part of the exocrine cells of the pancreas in the first 30 minutes 

after injection. Hov1ever, even with the rather poor radioautographic 

resolution obtained with s35, the activity 'hTC.l.S fou."là to be sornewhat 

greater Ln the basal part of the cells than in the centers of the 

acini. At 1 and 4 hours, in confirrration of the results of Leblond 

et al (1957), the activity was c oncentrated in the centers cf the 

acini. To resolve this apparent discrepancy as to the site of syn­

thesis as well as to investigate more fully the process of secretion 

of the pan crea tic enz;y·mes, it vras decided to study the distribution 

of labelled runino acids in the pancreas at short time intervals, such 

as 5 to 30 minutes, after injection. ·with the introduction of tri­

tium (H3), the radioactive isotope of hydrogen, a tool was provided 

which allovted for the fine radioautographic resolution required to 

localize radioactivity to the sr:all cytological structures under 

consideration. Three amine acids, va:r;ring as vTidely as possible in 



metabolic roles, v:iz. leucine, glycine and methionine, labelled 

-v;rith tritium, were :injected into rats and rnice, and their dis­

tributions vlere followed at very short, as l'Tell as longer time 

intervals after injection. 

Before presentation of the methods and resJlts, a description 

will be given of the theoretical aspect of the radioautographic 

technique, the structure of the pancreatic acinus, followed by 

a brief description of the most commonly accepted mechanism of 

protein synthesis. 

_Ge!feral tracer Reguirements 

The advantage of the radioautographic method lies in the fact 

that radioact::Lvitya dministered as part of a normal molecule, can 

be detected at the cytological level in tisml~ sections. Thus, 

the fate of a molecule can be studied by adding to the body a 

6. 

11 tracer11 amount of the labelled molecule, and localizing the label 

at a series of time intervals after administration. A tracer sub­

stance is defined as one which a metabolic system is incapable of 

distinguishing from the normal substance; thus, the tagged and un­

tagged molecules can enter the process with equal probability, the 

ad vanta ge being tha t the tagged molecule is in sorne way distinguish­

able to the observer (Siri, 1949). However, in arder to succeed in 

creating a tracer condition, four basic requirements must be fulfilled. 

First, the H3 introduced on amino acid molecules, must not ex­

change with hydrogen atoms independant of metabolic mechanisms. The 



presumptive evidence indicating that exchange, as defined above, 

does not occur is the fact that with leucine, the label is in the 

C4 - 5 positions, a region kno~m to be the least reactive in the 

molecule. Furthern1ore, the mass-ratio difference between tritium 

and hydrogen are such ths.t a greater amou.YJ.t of energy is required 

7. 

to activate the carbon-trititun bond than for the activation of the 

carbon-hydrogen bond; thus, transfer of hydrogen atoms are more 

likely than transfer of tritium. 

The second consideration is that of "isotopie effectn, in that 

the mass of tritium is three times that of hydrogen; however, this 

is only likely to be significant when triti1un is used as a tracer 

of hydrogen, and should not apply vThen it is used as a tracer of 

amino acids. Therefore, it is assumed that there is no appreciable 

"isotopie effect 11 • 

The third requirement is that the amount of labelled substance 

injected should constitute a tracer concentration; that is, in order 

to satisfy the condition of indistinuishability the tracer must be 

present in minute quantities. It ha.s been sl1o1 .. m, in the case of the 

leucine-H3 experiment to be described, tha t the quantity of amino 

a cid injected was small enough to act as a tracer (Hi trnaker, 1960). 

Furthermore, it is assumed that the quantity of the other amino acids 

used in this study, being of the sa~1e order of magnitude, also ful-

filled tracer concentration requirements. 

The fourth require~ent is that a minimum radiation effect should 

be produced on the tissues. In most of the ~periments, the animals 

were killed long before any radiation effect could have occurred. 

Th ose animals which w ere allov;ed 'bo survive for several days con-



tinued to gain vreight according to the nom~ pattern expected. 

This, as well as the lack of cytological evidence of radiation 

8. 

effect, eliminated the possibility of significant radiation darmge. 

It is therefore oo ncluded tha t tracer requirements ~(lere ful­

filled in all the above respects, and that the dosages of amino 

acids given to the anima.ls served as adequante ntracers" of the fate 

of corresponding, unlabelled amino acid molecules. 

Radioautographic Theory (Gross et al, 1951) 

Fundamentally, radioautography is a technique in which a radio­

active tissue section is placed in direct contact with a sensitive 

photographie emulsion. The energy emitted as a rest1lt of disinte­

gration of the radioactive nucleus causes a reaction to occur within 

the sil ver bromide crystals in a mann er analogous to the reaction 

"With light, re sul ting in the formation of a la. tent image. Upon de­

velopment of the emulsion in standard photographie developers, silver 

ions tend to be deposited on crystals, which make up what is known 

as the latent image. As a result, silver grains, produced by develop­

ment, overlie the radioactive regions of the histological section. 

Localization of these grain accumulations implies an accurate assoc­

iation of these areas of grain density with tissue structures, and 

that a distinction can be rnade between areas of increased grain den­

sity closely adjacent to one another. The term resolution is applied 

to the latter bnplication. Both resolution and density of silver 

grains are dependa~t on three considerations. One, the geometrical 

relationship of the radioactive source and the overlying emulsion; 



two; the energy and intensity of the radiation; and three, the 

characteristics of tl~ photographie emulsion. For detailed con­

sideration of these factors, reference is made to the article of 

Gro$ et al (1951). 

9. 

Briefly, the geometrical relationship implies that for maximum 

resolution and density, ~~e distance of the tissue from the emulsion, 

that is, the interspace, should be at a rninL~um. Using the coating 

technique (Hessier and Leblond, 1957), with no intervening celloidin 

coat, as in the a~periments to be described, the interspace can be 

considered as negligible. In addition, by focusing the microscope 

so that the ns and the tissue can be seen almost sllnultaneously, 

the advantage of accurate localization is obtained. 

The low energy (3 -particle emitted by tritiwn has a maximum 

penetration path of 6 micra in an aqueous medium, (Slack and Way, 

1959) and probably less through emulsion. Thus, the uspreadingn 

effect of higher energy emittors is not present with tritium, and 

the silver grains resulting from the disintegrations of this isotope 

can be associated with accuracy to the underlying structures. 

Concerning the characteristics of the emulsion, the resolution and 

sensitivityare detennined by the grain size, concentration and uni­

formity of distribution. Kodak NTB 2 emulsion, employed in ail the 

experimenta to be described, is a 11high contrast 11 emulsion, that is, 

it includes crystals of uniform size, making up about 85% of the 

emulsion weight. These conditions are compatible with naximum radio­

autographie resolution and sensitivity. 



Morphology of the Pancreas 

Development of the Pancreatic Ducts and Acini 

The pancreas (Arey, 1941) arises as two outpouchings of the 

endodermal lining on opposite sides of the duodenum of 3-4 mm 

h~~ embr.yos. One, the Dorsal Fancreatic bud, pushes out from 

the dorsal ~, cephalic to the hepatic diverticulum. The other, 

the Ventral Pancreatic bud, ap pears ventrally in the caudal angle 

between the gut and the hepatic diverticulum. 

10. 

The dorsal pancreas grovre more rapidly tban the ventral and 

during the sixth week of development an axial duct is fonned to 

drain it. The ventral bud rema.ins srrJ8.ller, and its duct is carried 

from the duodenum by the lengthening common bile du ct, and then 

arises directly from the latter. The unequal gro'V·l'th of the duo­

denal wall shifts the bile duct dorsally bringing the ventral 

pancreas into the dorsal mesenta~r near the dorsal pancreatic stem. 

Both buds fuse indistinguishably, and the longer distal portion of 

the dorsal duct fuses with the distal end of the ventral duct to 

fonn the adult duct of vlirsung. The remaini.YJ.g proximal part of the 

dorsal duct forms the accessory duct of Santorini. The terminal 

portions of the branching duct systems develop into exocrine se­

cretory units or acini. 

Histology of the Acinus 

In any histological section through the pa.11creas, the expanded 



11. 

tubular acini, are eut in all possible planes. Statistically, the 

predominating plane passes obliquely through the acinus. 

According to Ham (1957), the cells composing the acinus are more 

or less pyramidal in shape, with their apices toward the center of 

the acinus and the opposing sides in close contact, so that the cell 

membranes are indistinct. Because the nuclei lie towards the base 

of the cells, they appear to îorm a ring around the outer part of 

the circular acinus. 

Within the center of some acini, nuclei of duct cells may be seen. 

In other acini, no such nuclei are evident. Thus, a duct may lGad 

directly off an acinus, or it may be invaginated into it, in which 

case the nuclei of the duct cells are visible within the acinus. 

These cells are termed centro-acinar cells. 

A separate baàerœnt membrane, 100-150 Î thick has been described 

as enclosing and surro~~ding each acinus, both in the guinea pig 

pancreas (Palade and Siekevitz, 1956) and in the mouse (Sj8strand 

and Hanzon, 1954 a). 

Acinar Cell 

The acinar cell, as stated above, is pyramidal in shape, with its 

apex directed toward the center of the acinus, where it forms part 

of the boundary of a very sma.ll lumen. The base of the cell is in 

contact with the above-mentioned basement membrane. 

Cell Nembrane 

The plasma membrane, as studied with the electron microscope in 
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the guinea-pig pancreas (Palade and Siekevitz, 1956), sends small 

finger-like projections or microvilli into the lumen of the acinus. 

The membrane shows thickenings or de$mosomes along the upper sides 

of the cell body, and appears frequently infolded or invaginated 

along the lower sides and the basal pole of the cell. The invagin­

ations are usually shallm..r and frequently associa ted with small 

vesicles which appear singularly or in clusters or rows. These are 

morphologically similar to the smooth surfaced elements of the endo­

plasmic reticulmn. 

Nucleu~-

The nuclei of the acinar cells are rounded and lie towa.rd, but 

not in contact with the bases of the cells (Ham, 1957). 

Opie (1932) described within the nucleus a chrorratin network formed 

of fine threads and nodules. rrhe chroma tin is in contact wi th the 

inner surface of the nuclear membrane, which he said, is formed by a 

thin layer of chromatin. lrlithin the chronatin meshes are found one 

or more spherical bodies which stain with acid dyes; these are the 

nucleoli. Chrornatin gréil ules are applied to the nucleolus and may form 

a complete shell around it. 

Dolley (1925) found that as much as half of the acinar cells of the 

rat were binucleated. 

Nuclear Ivlembrane 

In 1954 (a) Sj8strand and Hanzon described the general morphology 

of the exocrine cells of the mouse pancreas with the electron rnicroscope. 
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They described the cell c;rtoplasm as consisting of concentrically 

arranged membra,.;_"1es studded on one side with sn:all dense partie les. 

The membranes are arranged in pairs with the smooth sides fa.cing 

each other. These membranes face the cell membrane, the zymogen 

granules, the Golgi appa.ratus and the mitochondria with the pa.rticle 

covered side, but face the nucleus with the smooth side. They 

therefore concluded that the membrane innnediately adjacent to the 

nuclear membrane represents only one of the rrembrane pair, the other 

half of the pair being una.ccounted for. 

\vatson (1955) has shown tha. t in the pancreas of the rat, the 

nuclear 11membrane 11 is actually composed of two membranes, the inner 

nuclear ma~brane which borders the nucleoplasm and the outer nuclear 

membrane which resemhles the granule studded membranes described by 

SjBstrand and Hanzon. The space between them being the perinuclear 

space. In addition, ·~'fats on described two types of communications or 

pa.th:wa.ys of exchange between the nucleus and the cytoplasm. One 

via a system of pores which lead from. the nucleus into the cytoplasm 

and two, by the perinuclear space which he showed being in open 

communication with the cavities enclosed between the membrane pairs 

described by Sj8strand and Hanzon. (These membranes and cavities 

are believed to be components of the endoplasmic reticulum described 

below). 

Basal Region (ErgastoRlasm) 

The cytoplasm located between the nuclei and the bases of the cells, 

tts well as that extending up along either side of the nucleus is 
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usually basophilie due to the accumulation of ribonucleic acid 

(Ham, 1957). 

Electron microscopie studies of this basophilie region in the 

mouse pancreas (Sj8strand and Hanzon, 1954 a) shov1ed that the cyto­

plasm contains concentrically arranged, densely packed, 40 Î thick 

membranes. The membranes are arranged in pairs and bear on one side 

small dense partiel es, 140 J( 
0 

150 to 450 A apart. 

diameter. The partie les are spaced 

Similar structures have be en observed i.Yl the guinea pig pancreas 

by Palade (1956 a) and Palade and Siekevitz (1956). 

The following description of the ergastoplasln or endoplasmic 

reticulum applies to the guinea pig pancreatic acinar cells (Palade 

and Siekevitz, 1956). 

In the guinea pig, as in the mouse, the entire cJ~oplasmic space 

in the basal half of the cell is occupied by numerous, tightly packed 

profiles of the endoplasmic reticulum which are frequently disposed 

1dth remarkable regularity. Practically ali these profiles are of 

the "rough-surfaced" variety, tbat is, bearing the snall dense lOO -
0 

150 A in diameter ribonucleoprotein (ffi~P) particles attached to the 

outer surface of their lirrQting membrane (Palade, 1955). The pro-

files va~J in shape from circular to elongate, the elongate for.ms 

predominating. They are usually disposed in rows which may extend 

as long as 5 to 10 p., generally parallel to one another, and at more 

or less regular intervals. Occasionally the regularity is dis-

rupted by b~anching profiles and anastomoses that connect adjacent 

rows. The arrays are usually oriented parallel to the various suf-

faces provided by the nuclear surface or the cell membrane. 



Within or among these variously disposed arrays of rough 

surfaced elements, smooth surfaced profiles are exceedingly rare. 
0 

Where present, they are circular (40 to lOO A in diameter) and 

occur in small clusters. These smooth surfaced profiles in short 
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rm<Ts and clusters, are also found in the vicinity of the cell mem-

branes. 

Numerous investigations ha.ve shown occasional continuity of the 

membranes and contents of a smooth and rough surfaced profile. 

This is interpreted as indicatine tha.t the two varieties of pro-

files do not represent two unrelated structures, but are differen-

tiated portions of a common system, the endoplasmic reticulum 

(Palade and Porter, 1954; Palay and Palade, 1955; Palade and 

Siekevitz, 1956). The electron micrographs offered in evidence of 

this do not, however, constitute unequivicable proof that this 

interconnection is a univcrsal occurrence in the cells. 

The rough surfaced elements of the endoplasmic reticulum usually 

have an amorphous content which varies in density. Frequently, it 

is less dense than the cytoplasmic matrix, but this situation rray 

be reversed. 

In the guinea pig, the endoplasmic reticulu:rr profiles may contain 

round, homogeneous bodies of high density and relatively large size, 

the intracisternal granules (Palade, 1956 b). In three dimensions 

these correspond to spherical granlùes embedded the light sub-

stance 'Which fills the cavities of the endopl.asmic reticulum. In 

such cells the rough surfaced profiles are randomly arranged, are 

of relatively large diameter and predominantly circular in shape. 



In density and texture, the granules are similar to zymogen gran­

ules, but their size is smaller and their location different. 

These granules have never been observed in the mouse O·Iunger, 

1958). 
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The cytoplasmic mat rix is disposed in narrow, more or less reg­

u.lar bands around the profiles of the endoplasmic reticulum. Sorne 

free ribonucleoprotein particles are found in this rratrix. 

The profiles of the endoplasnùc reticul~~ in three dimensions 

can be interpreted as fenestrated cisternae, when there are few and 

srnall interruptions, or as reticuJar sheets when the interr~ptions 

are numerous and large. The continuity of the system is maintained 

by the branching and anastomoses described. 

JV.d tochondria 

The lightly stai ned striations, usually seen in the basophilie 

region of the cell may be due to the disposition of mitochondria in 

this region (H~T., 1957). In classical light microscopy the rnito­

chondria, as visualized by special techniques, are rads or filaments, 

which neither branch nor anastomose (Opie, 1932). 

Palade (1953) described the structure of the mitochondria of 

various tissues from the rat, mouse and rabbit. They were seen to 

consist of an outer limitjng membrane, 70 to 80 R thick, and a sec­

ond or internal mitochondrial membrane, which he could observe under 

favourable conditions. Projecting internally from the internai mem­

brane were folds which Palade càlled the Cristae ~ütochondriales. 

The cristae are usually perpendicular to the long axis of the organ-
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elle and occur in a series which lie parallel to one another, spaced 

at more or less regular intervals. 

iletween the projecting cristae an almost structureless matrix 

the body of the mitochondria. 

Apical Region: Z:vmogen Granules 

The round refractive zymogen granules in the apex of the cell 

were first described by Claude Bernard in 1856 (Opie, 1932). 

Bensley (1911) described the acidophilic zymogen granules as 

occupying the spaces in a continuous cytoplasmic partition which 

surrounds them. 

Tsukaguchi and Takagi (1921) also described a clear area (appar­

ently cytoplasm) which surrounds the indi vidual zymogen granules. 

With the electron microscope, Palade and Siekevitz (1956) showed 

that most of the apical region of the guinea pig acinar c is 

occupied by predominately circular, large (0.5 to 1.2 ~) homogen­

eously dense zymogen granules. The granules are usually surrounded 

by a complete membrane of the smooth surfaced variety. 

Betv-1een the zyrJ.ogen granules, in the rim of cytoplasm are numer­

ous profiles of endoplasrûc reticulurn of the rough surfaced variety. 

!•Œost profiles are circular or aval in shape, and show no preferred 

orientation. In three dir1ensions the random network of endoplas::.ûc 

reticulum in the apical part of the cell merges around the nucleus 

with the basal part. 

The Centrosphere Region: Golgi Apparatus 

In 1898, Camillo Golgi described an 11 internal reticular apparatus 11 



in the cytoplasra of nerve cells after treatment with silver salts. 

Since then, with the use of silver and osmium impregnation methods, 

as well as recently wi th the electron microscope, this apparat us 

has been the subject of numerous investiaations and much controversy. 

Although the function of the apparatus renains unravelled, its ultra­

structure has been well established. 

Classical impregnation methods showed tm t the Golgi appa,ratus 

lies in a fairly constant supranuclear position between the nucleus 

and the excretory pole, in the pancreatic acinar cell. In the mouse 

pancreas, Sj<!strand and Hanzon (1954 b) localized the Golgi apparatllS 

as restricted t o the distal part of the exocrine cell and showing 

intL~te topographical relations to the Zjrmogen granules. In general 

the position of the apparatus is described as supranuclear, that is, 

between the nucleus and the cell apex and in close contact with the 

zymogen granules (Dalton and FelL"'<, 1956; l'·lunger, 1958; Lacy and 

Ghallice, 1956). 

to present a compreheusive survey 

of the literature and controversy pertaining to the results of class­

ical methods of studies on the Golgi apparat us. The only endeavour 

in this the sis will be to outline very b riefly the concept of the 

Golgi intern~un, extern~ü and Golgi substance of Hirsch (1939, cited 

in Boume, 1951), because this concept approaches closest to inter­

preting the pictures obtained with Aoyama 1 s tecb.nique (Fig. 25, p.l2$) 

and the results obtained wi th radioautography (Fig. 26, p.124a). 

The Golgi apparatus consis ts basica11y, of two parts, an outer, 

chromophilic portion (which absorbs osmi1L1l and silver), and a chromo-
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phobie inner portion. Hirsch has found that the Golgi bodies of 

the cell do not always have this double structure. Hirsch states 

tha.t the solid granules of Golgi substance, which show no differ­

entiation into eÀ~erPBl and internal portions, really constitute 

the "pre-substance" of the Golgi apparatus. These pre-subste..nccs 

are able to build up nets which are the only sort of nets which 

Hirsch recognizes. The other nets described, he claims are due to 

over-impre§7lation of separate bodies by excessive amounts of osmium 

or silver, which causes them to link up and simulate a net. The 

pre-substance, which nay be aggregated nea.r the nucleus (e.g. pa.n­

creas) or distributed throughout the cell (e.g. neurone) gradually 

develops a double structure, with a chromophilic cortex. At this 

stage it is referred ta as a Golgi system. rrhe outer part or 

cortex of the Golgi systeHl is knmm as the 11 extermxn11 , the inner 

part as the "internum", Hirsch believes that the product (zyrnogen 

granules) of the secret ory cell is f ormed ~~n the Golgi interm11n. 

The electron microscopie study by Sj8strand and Hanzon (1954 b) 

of the mouse pancreas has revealed that the Golgi complex is com­

posed of three elements; the Golgi membranes, the Golgi ground sub­

stance and the Golgi granules. 

The Golgi membranes occur in several groups, each consisting of 

2 to 5 tightly packed membrane pairs. These menbranes are free of 

opaque particles (described by Palade (1955) as ribonucleoprotein 

granules). Large vacuoles are freq~ently seen between the split 

membrane pairs. 

The Golgi ground substance has embedded in i t the Golgi membranes. 
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The ground r.ay appear either homogeneous or gra.nulated but the 

granules do not resemble the RIIJP partie les. 

The Golgi granules have a dimension range from 40 Î units in 

diameter to the size of zy~mgen granules. These granules show an 

electron dense lirP.iting membrane, simila.r in appearance to the mem-

brane enclosing the zymogen granules, hoi•rever, the membrane may at 

times be i.11complete. 

Dalton and FelDc (1954, 1956) b~ve also described three compon-

ents of the Golgi apparatus, these are the large vacuoles, membranes 

forJLL~g the boundaries of flattened sacs which correspond to the 

Golgi membranes of SjBstrand and Hanzon (1954 b), and snell vesicles 

or granules, preslliLably part of the Golgi 11 ground substa.,.""lce 11 • 

In the exocrine c ells of the pancreas, the syste:n of large vacu-

ales is arranged in the form of a ring (Dalton and Felix, 1956). 

rrhe authors are uncertain as to \'lhether the se vacuoles are connected, 
0 

or are separate entities. The vacuoles are bounded by an 80 A thick 

membrane, uhich is at least twice as trdck as the membranes of the 

ergastopla.s:n of the same cell. The profiles of flattened sacs are 

occasionally seen bet1111'een t1...ro adjacent vacuoles. Peripheral to the 

vacuoles, between them and the surrounding ergastoplasm is a layer 

of srrall granules with electron dense membranes surrounding less 

dense cent ers. The gromd substance in which the vacuoles, membranes 

anà granules lie is continuous ''lith the cyt,oplasm in -vrhich all the 

other cell organelles are embedded. In the area ~tlhere the Golgi 

granules or vesicles and the ergastoplasm are in jtn~aposition, it 

can be se en tha. t the Palade or RNP graïLules appear only on the mem-
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branes of the ergastoplas~Il. Dalton and Felix.• s original description 

of Golgi granules (1954) is contradicted by ~eiss (1955) who claims 

these are actually the smallest of the Golgi vesicles. rrhese ves­

icles are occasionally seen to be continuous with the paired la.r.J.ellae. 

Lacy and Challice (1956) studied the pancreatic ac:L."1ar-Golgi 

of the mouse vTith a classical impregnation method (Ao;yama 1s) 

1930) in combination v1ith electron microscopy. 

The silver àeposits which were observed in the cell were con­

fined entirely to two nain regions: ·within the dense cytoplasmic 

ma.teria.l, in the form ;::;f 111.1.:.-ly fine 

one or both sides of a series of 

grains, and along 

apposed vacuoles lying 

vlithin the Golgi zone. rrhe latter corresponds to the light micro­

scopist•s chromophilic region (extern~~), while the vacuoles corres­

pond to the chro~ophobic part (inten1um). 

Cn the vrhole they (Lac y and Challice, 1956) confirm the findings 

of Sj8strand and Hanzon (1954 b), but theywere unable to see a dis­

tinct ground substance. In addition, observed tha. t sorne of the 

pairs of Golgi me:rrbranes gradually di verge from one another as they 

approach the vacuolar substance while the dense material ti1ey enclose 

decreases in density. It l'ras further noted that the Golgi vacuoles 

correspond morphologically to terminal dilations of the paired Golgi 

membranes. 

terminal portions of the snooth surfaced Golgi membrane 

array have been noted by numerous investigators (Dalton and Felix, 

1954; Sj8strand and 1-ianzon, 1954 b; ~'leiss, 1955; Dalton and Felix, 



1956; Lacy and Challice, 1956). This has been interpreted as a 

budding off of the vesicles vlhich are so nunerous in this region. 

Summary of the Ultrastructure of the Acinar Cell 
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An attractive theory, based on the evidence of observed contin­

uity between the various membraneous structures described above, as 

propœ ed by Palade (1956 a) suggests tha. t the endoplasmic reticulum 

is a continuous netvrork of m.embrane-bonnà. cavities which permeate 

the entire c;ytoplasm from the cell membrane to the nucleus. ~·lithin 

this network there are a number of local differentiations which in­

elude the nuclear envelope and the Golgi apparatus. 

Palay and Karlin (1959) expanded this theory by stating that the 

endoplasmic reticulum is a continuous system, with the ergastoplasm, 

Golgi apparatus and nuclear envelope as differentiations of an other­

wise generalized cytoplasmic vacuolar system dynamically interrelated 

and interconnected. Although the electron micrographs do indicate 

connections bet-vreen rough and smooth surfaced profiles, and regardless 

of the attractiveness of this theory, the published micrographs alone 

do not constitute a strong enough basis for this hypothesis. 

Biochemistry of Protein Synthesis 

The unique importance of proteins in biology lies in their capacity 

to act as "building stones", or structural uni ts of the animal cell. 

That this is not their prL~ry function, however, is evidenced by the 

fact that at the botanical level, this role is almost entirely assumed 



23. 

by polysaccharides. The îunctions through which proteins gain their 

unique position are as biological catalysts or enzymes, and indeed, 

it ha.s been shown that all kno"'m enzymes are proteins. The vast 

ma.jority of biocherrdcal reactions proceed, in vitro, at a rate which 

is too slow for the high metabolic ac ti vi ty of most organisms. 

Enzymes act t o increase the velocity of the se reactions to an adequate 

rate, accounting for the fact that almost all bioch~nical reactions 

are enzymatically controlled. 

Although proteins are so diverse, functionally, and their involv­

ement in a vri.de range of netabolic reactions is recognized, \vhatever 

little is kno~m of their own biosynthetic mechanism suggests that it 

is uniform for all proteins. 

General Consideration of Proteins 

Upon hydrolysis, simple, non-conjugated proteins, yield a mixture 

of amino ac ids. The number and kind of amino acids, as well as the 

molecular weight of the entire molecule varys greatly from one protein 

to another, although a 11 three are constant for each protein species. 

Typically, a protein with a molecular weight of 25,000 may contain 

about 230 amino acid residues joined end to end. It is interesting to 

note that the peptide bond (formed \dth the elimination of a water 

molecule) which links the amino acids together is the same regardless 

of the amine acids involved. Topographically, then, the protein is a 

linear molecule, but as has been shovm for sorne proteins, it may be 

folded upon itself in a complicated uanner. Although there is theo-



retically no lirnit to the number of residues which may occur in a 

protein molecule, there are only 20 different species of amino 

acids found in all proteins, with certain noteworthy exceptions, 

as for example tryptophan, which does not occur in the protein 

insulin. Also, the ami.no acid hydroxyproline forms a unique res-

idue, found only in collagen. 

Amino Acids 

The basic units of proteins, the arnino acids, are nitrogen 

containing compounds of the general form, 

NH2 0 
1 Il 

R-CH-C-OH 

the amino and carboxyl group being e>C. to 

one another. 

Norma.lly, ma.mrna.ls cannot rnake use of nitrate or nitrite, nor can 

theyutilize atmospheric nitrogen. They must therefore receive their 

nitrogen in the form of amino acids from ingestion and subsequent 

digestion of proteins. The anûno acids thus received are the so-

called essential amino acids. 

That amino acids are precursors of protein is shown by supplying 

an essential amino acid to a cell and observing its incorporation 

into the cellular proteins. Studies of this nature have shawn tha t 

if one or more essential amino acids are lacking in the diet, the 

aninal falls to grow, indicating that the body does not synthesize 



25. 

proteins deficient in an essential amine acid, but rather produces 

less of that protein. Eoreover, the cell does not synthesize that 

portion of the protein molecule which does not contain the deficient 

amino acid. 

It becomes ap:r:arent that protein synthesis required the presence 

of the complete complement of a'llino acids, yet they are not randonùy 

arranged in the protein chain, but have an ordered and precise sequ­

ence. A given protein is highly homogeneous in that all the molecules 

contain the s~~e amino acids and in the same proportion. There is 

also evidence tha t the sequence of arrangement of the amino ac ids is 

constant; thus every molecule of, for example, hemaglobin, insulin 

or ribonuclease is eY..actly similar to every other molecule of the 

sarn.e protein species in the sam.e indi vidual. 

It has been shmm that a Nendelian gene can alter the structure 

of hemoglobulin, causing sickle-cell anemia (Neal, 1949). This dis­

ease l>Tas sho\.V111 ta be due to the gene altering the amino acid sequence 

in one srr.all part of the polypeptide chain (Ingram., 1956), the diff-

erence due to a valine re si due occurring in place of a glutamic 

acid one in a molecule vv-hich con-Lains about 300 ~1lino acid residues 

in all (Ingra~, 1957). If the gene is homozygous, the disease is 

œually lethal before adu1t life, illustrating the tremendous signif­

icance of the sequentialization of amino acids. 

Essential Points in the Iviechanism of Protein Synthesis 

It is apparent from the foregoing that the synthesis of protein 
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is urüike the synthesis of other :uolecules, although as previously 

pointed out, the mechanism is probably uniforra throughout nature. 

It knovm that protein synthesis and turnover of preexistant 

proteins occurs even in the tissues of ani.mals in nitrogen balance, 

that is, even in the absence of growth, rene-vml or secretion (Leblond 

et al, 1957). This universality support for the contention that 

protein s~mthesis is a general characteristic of life (Leblond, 1960). 

Three basic factors must be considered in postulati.ng a theo~ 

of the mechanism of protein sJmthesis. First, it must be taken into 

account that the formation of peptiàe bonds is a reaction which 

requires considerable energy; second, the high degree of protein 

specificity must be considered; and third, the question of utili­

zation of multiple units of smaller peptides in the formation of 

larger ones versus the direct asseFbly of single awjno acid units 

simultaneously or by successive addition to the ends of a rapidly 

gro\ving peptide chain, must be resol ved. 

r.Iechanism of Protein. Synthesis 

Basically, the Llechanism of protein synthesis :Tay be arbitrarily 

di vided into t\vo reaction sequences. The first, for vJhich a good deal 

of evidence is available, consists of a series of reactions which pre­

pare the amino acid molecule for subsequent incorporation into the 

protein :rnolecule. 'rhe second part, which is rnainly in the realm of 

hypothesis, consists of actually bringing these amino acids together 

the proper proportions and sequences which are characteristic of 



27. 

the particular prote:in being s:vnthesized. 

Activation of Amino Acids 

The initial reaction to vJ"hich amino acids are subjected is an 

activation of the carboxyl group of the amino acid by adenosine tri­

phosphate (ÂTP). The activated amino acyl groups woulà then be 

bound through adenosine monophosphate (ALiP) to an enzyme which acts 

in transfering the ~~ino acid to a postulated accepter. The reaction 

~nay be su!Dna.rized as follows: 

Arnino acid + ATP + Enzyme ~ Enzyne - AHP /"../ Arnino acid + PPi 

Thus, the R group of the amine ac id and the adenin.e moiety of ATP 

are first bound to a specifie activating enz~ne, pyrophos~1ate being 

clea ved off the ATP lea ving the bond energy in a carboxyl-phospha te 

linkage (Fig. 1). This, presurm.bly is the source of tie high energy 

reql.J_ired for peptide bond fornation. In addition, it 1-.ras found by 

Liprnam(l954, cited in Lipmann et al, 1959) tmt the liberation of 

a pyrophosph2.tc group indicated the forj_nation of an acyl adenylate. 

Hoagland (1955) and Hoagland, Keller and Zamecnik (1956), v.rorking 

;,dth a system devised by Zamecnik and Keller (195h), containing rat 

liver rnicrosŒües, pH 5 pre·cipitable I~rotei:1s fronï. the supernatant 

of micros on es (ob tai ned by centrifuga ti on of the micros orne a.t 10 5, 000 

x g), ATP, and ATP generating system, plus guanosine di- or triphos­

phate, shovred that the pH 5 precipitable proteins contained the amino 

acid activating enzymes. They showed that several amino acids colùd 

be activated in that system.. Lip1r.ann et al (1959) theorized that 

this indicates a general activation process for all amino acids. In-
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Fig. 1 

PlATE 1 

l1echanism of prote:i..n S.)mthesis (modified from Hoagland, 

Keller and Zamecnik, 1956; and Lipmann et al, 1959). 

The three primary reactions involved in the Becha.n­
ism are depicted. 

The first reaction (represented at the top) involves 

the activation of t!1e amino acid with ATP in the pres­

ence of the pH 5 enzycie, with the splitting off of pyro­
phosphate. 

The second reaction (lm·rer left) depicts the trans fer, 

presnmbly again mediated by the pH 5 enz;yrne, of the 
a:Pi.no acid residue to t~e soluble Rl\TA. 

The third reaction (lower right) involved the trans­

fer of the amino-acyl-s-RNA co::;1plex to the Rl~A of the 

microsomes, so that peptide bonds can be formed bet1-·.reen 
neigh~)ouring a.mino ac id residues. 
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direct evidence such as the ,,mrk oi' Hoagland (1955) and Hoagland 

et al (1956) above, strengthenect the that activat:tng enzynes 

~re re truly a:rnino ac id specifie. Further indirect evidence 't'las added 

by Davie et al (1956) when iso~~ted a trjptophan activating 

enz:yme from. beef pancreas ( 1.vhere it is very abu.L•1dant) and procluced 

a homogeneotw tryptophan specifie enzyme prepara. tlon. 

Hoaglanà, Zamecnik and Stephenson (1957) demonstrated that the 

activated amino acid was transferred ta a soluble R}IA molecule, 

being joined to it by relatively weak bonds. Soluble REA differs 

from microsomal and nucleolar RN:A. by virtue of it 1 s snJaller mole­

cular vreight, vlhich rend ers it soluble in 'the ordinary extraction 

procedures for proteins and nucleic acids. It is apparent that the 

11 postulated acceptor11 , ::1entioned ab ove, is the s-RNA molecule. 

Further ~.vork, Zachau et al (1958) led to the conclusion tP~t 

the a1:1ino acid 1·m.s transferred frorn the initial activation product, 

arnino acyl adenylate, to the term.:Lnal adenosine moiety in s-RNA. The 

co~nplex formed is shovm as part of Fig. 1. The characteristic c:y-to­

sine- cytosine-adenosine ending, appears to be cŒ 1L10n to all species 

of s-RNA. FurtherJlore, the activating enzJ71ne may also be responsible 

for the transfer of activated amino acids to soluble RNA. The evi­

dence presented by Zachau et al, sho1..red a definite intracelluJ.ar 

occurrence of these amino acid esters of s-Rl~A. 

The idea of a specifie s-RJ:JA for each amino acid is suggested by 
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the vrork of Porath (1956) and Smith et al (1959). Holley and EerriJl 

(1959) differentiated more clearly between Rl'JA 1s tmt are specifie 

for their respective a.m:Lno acid. Thu.s, 

11 •••••••• vTe nov.; feel pretty 1-'fell assured tha.t we are dealing 
with a 11 fleet" of different s-RNA 1 s each specifie for only 
one of the 1-vhole set of amino acids 11 • 

Lipmann et al (1959) further concluded that essontially ail a:nino 

acid esters of s-RNA must be freely diffusible in the cell, since 

they are the active amino acids ready to enter the peptide-linking 

process in protein synthesis. 

The Role of 111Iicrosor;:Jal RNA 

The guanosine triphosphate (GTP) present in the syste::n devised by 

Za.mecnik and Keller (1954), was shov.rn to be unnecessa.ry in the trans-

fer of labelled activated amino acids to s-RNA. Hoagland et al (1957) 

extracted and purified this labelled amino acid s-RNA conplex and 

added it to the m:i.crosome fraction. They found tha t a high percentage 

of the labelled amino acid is tra.nsferred from the s-H11IA to the .:nicro-

soœl prote in only in the pres en ce of rrrP. Th us, they concluded th.e .. t 

GTP mediates the tra.nsfer of the activatecl amino acid to peptide link-

age via the microsor•1es. 

Littlefield and Keller (1957) have shawn tint only the ribonucleo-

proteit'î particles (RNP) of t~1e er:doplasnù.c reticulUJn are required for 

the trans fer of activated ar.uno acids. These RNP rarticles, termed 

11 ribosones 11 are defined as the snall partiel es isolated frorn the r.ûc ro-

sames after solubil:Lz:i.ticn of the membranous part by bile salts such as 



desoxycholate. They viere founù tc contain a hisher concentr~-1.tion 

of RNA tha.n the corresponding microsones (I3rachet, 1960). 
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Regarding the question of the acceptance of a single amino acid by 

micros ornes for prote=Ln s-;ynthes:Ls, versus the presence of a total 

comple~nent of amino acids, Zamecnik and Keller ( 1954) found no re­

quire;.;lent for addition of a full complerrrent of amino acids to a 

syste::n containing the microsomes and the ir superna tant. Ho-.-.·ever, 

they postu1~1ted that there may be present in the microsone comple-v:: 

sufficient amounts of free or bound amino acids so that addition 

of more amino acids does not increase the initial incorporation. 

Lipmann. et al (1959), using threonine activ2..ting enzymes, found a 

small incorporation of l.abelled threonine into microsmi18.l protein 

using a syste111 containing threonine-activating enzyme, labelled 

threonine and the microsoJaes only. H011ever, the addition to the 

above medium of other amino acids a.'l.d their activat:ing enzymes, which 

are norrre.lly found in the crude Inicl'osorna.l supernatant, caused a 

four fold increase in labelling of the microsomal protein. They con­

cluded that in the isolated liver syste211, a complete CŒ-rtplement of 

amino acids, such as is present in the crude rnicrosoï:al supernatant, 

is required for incorporation int.o protein. 

Thus, it appears that the synthesis of a proteL1 proceeds only in 

the presence of all the amino acid residues which constitute that 

protein. 



The UtilizatiC?_Il_of-.J:~!-_irl.~§._a:_s_J.nter.:mediatGs in Pr9_~ei!:l S:y:nth~sis 

( Surnmarized from a revieitf by Simkin and ·work, 1958) 
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The reasonable assu-nption that long clJ.a.in protein molecules may 

be formed by linkins together of swaller peptide fragrrents, has 

initiated considerable work in t~Jing to isoL~te peptide intermed­

iates from cell extracts. 

Turba and Esser (1955), using Torula utilis (yeast cells) and 

Connell and T~vatson (1957), with Pseudomona hydrophila, have extracted 

small quantities of peptides. However, there is uncertainty as to 

the in vol vement of these peptides in protein synthe sis. Turba and 

Esser have shawn t~at peptides are rapidly s~~thesized from amino 

acids, but in atte:11pting to correlate peptide interraediates, with 

protein synthesis, it is not sufficient to demonstrate the existence, 

or even the synthesis of the peptides; it must be sho·wn tha t they 

are incorporated into proteins without being first degraded to amino 

acids. Meinhart and Simr:londs (1955) presented evidence "t-vhich strongly 

suggests that vfhen peptides are utilized by bacteria as a ni trogen 

source, they are first degraded to anino acids. 

Godin and 11J"ork, (1956) have atte~:'lpted to derronstrate the utilization 

of peptides for case:u1 synthesis in a goat, however, the casein analy­

zed immediately following the administration, revealed no direct in-

corporation of the peptides. 

Several conflicting reports ::ray be mentioned in connection with 

the assumption that if protein synthesis did occur as a step wise 
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addition of peptides, it would be expected that proteins synthesized 

from labelled amino acids \vould show uneven distribution of radio­

activity. 

Askonas et al (1955) found a uniform distribnt:i..on of raclioactivity 

between different portions of the proteins (3 -lactoglobin and casein, 

after administration of labelled a.rûno acids. Sirnilar results \·.rere 

obtained in the synthesis of several enzymes, after labelled arnino 

acid administration (HeirJberg and Velick, 1954; Simpson and Velick, 

1954; S~upson, 1955). 

Non-uniform distribution of labelling over different parts of the 

same protein molecule has been reported in tissue rûnces (Steinberg 

and Anfinsen, 1952; Vaughan and Anfinsen, 1954). Although labelled 

ovalb~uL~, ribonuclease and insulin were obtab1ed, no net synthesis 

of protein was demonstrated under these conditions. 

The conflicting results on tissue ITinces and on intact animals 

led Steinberg et al ( 1956) to conclude ths.t none of the evidence is 

decisive, and that the:Lr own results could be explained vrithout assum­

ing the existence of peptide int er:media tes in protein synthesis. 

Thus, on the whole, there is no evidence indicating that proteins 

my be synthesized by a step v.rise addition of peptide intermedi,::-.i.tes. 

Although the part of the mechanism of protein synthesis concerned 

vdth the assimilation of arnino acids into the final product is highly 

speculative, (Crick (1958) proposed three hypotheses which together 

may lead to a reasona.ble interpretation of how the activated amino 



acids are assembled into a complete and specifie protein molecule 

in which the amino acids are arranged in the correct sequence. 
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The first hypothesis assumes that the specificity of nucleic 

acids is expressecl by the sequence of its purine andpyri.midine 

bases, and that this sequence is a code for the amino acid sequence 

of a particular protein. The second hypothesis states that inform­

ation, defined as the precise deter8:~nation of sequence, either of 

nucleic acid bases, or of amino acid residues in proteins, can only 

be transferred from nucleic acid to nucleic acid or to proteins. 

From the ab ove as stlmptions, there rrru.st exist in the cytoplasm a 

nucleic a cid code which can transmit informa. ti on to the proteins 

synthesized here. This involves the postulation of a nucleic acid 

"template" which '\vould act as a "die" on which the protein molecule 

could be cast. The idea of a template was first generalized by 

Haurowitz (1950) to include not only the synthesis of any one protein, 

but to include the synthe sis of all proteins throughout nature. iJhere 

then is the location of this template? There being no Dr~ in the 

cJtoplasm, the most logical place to look for a template would be the 

RNA present in the ribosomes as a ribonucleoprotein complex. However, 

the original genetic information is knovm to be present in the DNA 

molecule; thus, the D~,JA must ir.1part this information again presuJm.bly 

vla a templc-=tte mechanism, to the RNA v.rhich eventually finds its way 

into the c:ytoplasm. 

That a transfer of genetic inforrmtion from DNA to RNA must occur 

is evident from indirect argmnenta.tion. For exaraple, it is knov..rn tbat 
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the amino acid sequence in hemoglobin (ass'I.Lnedly determ.i_ned by the 

RNA ternplate, according to the proposed :nechanism of protein s;ynthesis) 

is gentically controlled (l~eel, 1949). Sperrratozoa, the conve;;.rors 

of male genetic patterns contain DNA but no RNA, indicating that the 

DNA must in some tvay impart 

determine the production of 

infornation to RNA, which 1v-ill then 

proteins in the new individual. 

In addition, direct evidence is available which shows that RNA syn-

thesized tvithin the nucleus into, and probably forms the 

only source of cytoplas1nc RNA (Amano and Leblor..d, 1960). 

Thus, in the ribonucleoprotein particle (ribosome), the main 

function of the protein component as a structural frame\vork for 

the RNA molecule. Each particle is composed of a similar protein 

moiet~r tdth the same arrangement of RNA within it, but one particle 

differs from another in that the purine and pyrimidine bases of the 

RNA have different sequential arrangement, hence producing different 

proteins. Therefore, according to Crick (1958), the RNA forms the 

te::nplate, the protein merely supports and protects the RNA. 

The third hypothesis of Crick concerns the adapter molecule, pre-

viously discussed and shawn to be the soluble RNA. s-ffi~, carrying 

a specifie activdted a~no acid, would attach to a specifie place on 

the ribosomal RNA templa,te by h;ydrogen bolmè_ base pairing (Lipmann et 

al, 1959; 1). It is apparent that at this GTP is involved 

in the transfer of the activated arr.ino acid - s-RIJA - complex to the 

ribosoma.l RNA (Hoa gland et al, 1957). 
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The follo'tring this are obscure, but Crick suggests tha t 

the s-&.l'IJA, bound by hydrogen bcnds to the template, polyrnerizes 

to form a nolecular \veight RNA molecule which is released 

from the te!:lplate bearing the attached, sequentialized an:.ino acids. 

The ru~~ then folds up to a new configuration, probably inducing 

the arnino acids to polymerize and form the polyl eptide chain, which 

then folds up as it is uade to produce the finished protein. The 

RNA thus formed, is now free of i ts amino ac ids and breaks dovm to 

replenish the supply of s-Rl\:A. 

The speculative nature of the latter part of the mechanism of 

protein synthesis is evident; however, adequate proof exists to 

support the first part of this proposed mechaPism. In studying the 

synthe sis of proteins from labelled amino ac ids in vivo vJith radio­

autography, where most small molecules are washed out of the histo-

logical section during processing, all the up to those con-

cerning the binding of amino acids to the ribosomes cannat be 

detected. Thus, the earliest stage in the synthesis of protein which 

is of concern in a radioautographic study of this nature is the actual 

binding of the amino acids to the ribosomes. 

Biochenûcal Investigations of the Process of Synthesis and Secretion 

of Pancreatic Enzymes 

By way of integrating the descri:çtion given of the pancreatic acinar 

cell with the mechanism of protein biosynthe , two purely biochemical 

studies pertaining to the events in the synthesis and secretion of 

pancreatic enzymes will be discussed in detail. It is the purpose of 

this section to integrate, wherever pos the structures described 



in the acinar cells uith specifie stages in the synthetic mechan­

ism of proteins. These investigations also form pg.rt of the 

rationale which a dds confirmation, at the biochemical to 

the radioautographic experiments to be described. 
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The process of secretion of pancreatic enzymes has been studied 

by variuus techniques. Hov:ever, investigations such as the two to 

be described, using radiœ.ctive tracers to study the forrration and 

migration of specifie enzym.es are oî particular inportance. 

The Formation of ?( -chymotrypsinogen 

Siekevitz and Palade (1960) have investigated the of 

d\ -chymot!'"'JPSinogen, the inactive z~nnogen of o( -chymotrs--psin. 

Guinea pigs which had been fasted for 48 hours and refed one hour 

prior to injection received an intravenous inj 

c14. An interval of one hoï_lr 1.-.JaS chosen 

of DL-leucine­

it was found that 

at tr..is time the rate of protein synthe~:üs increases 

simultaneous 1·ri th the appearance of intracister:'1al in the 

cavities of the endoplasm.ic reticulturr (Siel<:evitz and , 1958 a, 

1958 b). 

The pancreas of every animal from each tiiœ vTas homo-

genized and the indi vidual homogena tes vfere pooled. tissue was 

fractionated by centrifugation into several c • The nuc1ear 

fraction was obtained by centrifugin,g the for 15 minutes 

at 760 x g. The supernatant -vras spun for 20 '~'"""'-L'"'-'-·'"''"' at 20,000 x g 

to sediment the zyrjogen granules and mitochondria. This supernatant 

was centrifuged for l hour at 105,000 x g the main micro-
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somal fraction shmm to consist of disrupted elements of the 

enàoplasTnic reticulu:.a. A àifferential der:sity 1.vas 

employed to separate the citochondria from the zymogen granules. 

The microso;r:es vrere subfractionated after treatnent vlith sodium 

deso:t..'Jcholate. The cleared suspension (clearcd presu::12..bly by dis­

solution of the membranes) was spun at 105,000 x g for 30 minutes 

to isolate a heavy microsonal subfraction which consisted of intra­

cisternal granules plus various microsomal debris. The supernatent 

11as further centrifugèd for 120 minutes at 105,000 x g obtaining 

an internediate fraction consisting almost entirely of R.NP p3.rticles 

and a light supernatant containing the fluid phase of the Dicroso<nal 

content. 

o< -ch:y1notr-ypsinogen was chemically isolated fro;a each fraction, 

purified by ion-exchange colu.rnn and the eluates were collected. They 

were counted employing a carrier-method vTith bovine crystallin chy:no­

trypsinogen. 

The re sul ts (Table l) shm-1 tha t at the early ti::ne points, 1 to 3 

minutes after injection, the attached RNP particles yield ~ -ch::rrno­

tr-jpsinogen with a specifie activity higher tb.a.n in any other fraction; 

the sa'Tle protein isolated at 3 minutes from the attached RNP particles, 

the intracisterr1al and zymogen eranule fractions vrere less active than 

the RNP particles by 3. 5 and 7 t:i:rnes respecti vely. The specifie 

activity sho\ved little variation among the various fractions at 15 

minutes, while at 45 minutes the ci:wmotrypsinogen in the zymogen granules 

was tvTice as radioactive as tha t in the micros omal fraction. 

They concluded that the findings are compatable with the hypothesis 
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TABL~ 1 

ll.QDIFIED FROH SIEISEVITZ AlTD PALADE (1960) 

SP~IFE RAOCOACTITIT~~F~~~PS~OG~JL~_V~IOUS ~C~~C 

CEI,L FEACTION§_AFTZB. IH .J:IVO L4.BELLII,!G. HITH LWCIHE-1-:::;14 

( Co,_mts/min/mg enzy~rre) 

Cell Fraction after injection 

Total microsomes 

,-~G.;-r-3 1 -~-5 ----::-

-~- -- : --t----
27,700 

Attached RNP 122~100 13,780 1 10,000 15,480 

Endoplasmic reticulw~ 

1 
- 8,160 5,740 14,950 

content 

Intracisternal 
granules 

Zymogen granules 

l7,970 1 
2,770 18,300 
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tha t the c;:;\ -chyrnotry:)s is synthesizecl in or on the attached 

RNP particles; is subsequent1y transferred to the cavities of the 

endoplasnüc reticulum and concer.trated and stored in the 

zymogen granules. 

It is pointed out that an alternative interpretation is that 

synthesis is carried out at different rates all the sites mention-

ed, however, morphological and cytochenücal f indings favour the first 

alternative. 

The Formation of Ribonuclease 

The second investigation is that of Harris and Dickman (1960), in 

which the formation of ribonuclease in the pancreas of adult male and 

female mi ce 1:1a.s investiga ted. 

A group of animals each received an injection of pilocarpine, which 

is know to act as a parasympathomimetic causing depletion of 

zymogen granules from the acinar cells. Injection of pilocarpine 

causes maximal depletion in 1 to 3 hours in mice and rats. Eighteen 

hours after the pilocarpine injection each mouse received an intra.­

peritoneal injectiun of valine-c14, and '\Aœ.s sacrificed at specifie 

t~ue intervals thereafter. 

ïhe pancreatic tissv.e was pooled, homogenized and the homogenate 

fractionated by differe:1ti:j.l centrifugation. The nuclei fraction was 

separated by centrifuging the homogenate for 10 minutes at 600 x g. 

The supernatant plus the nuclear vm.shings were centrifuged for 16 

minutes at 11,125 x g to yield the combined zymogen granule and nüto-
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chondria fractions. This '\'laS not separated because previous work 

had indicated only minimal amounts of ribonuclease in the mitochond­

ria. A microsonal fraction wa.s prepared by centrifuginc; the washes 

and supernatant from the zyraogen granule fraction for 30 minutes at 

105,000 x g. The rereining supernatant and rnicrosornal washings are 

referred to as Supernatant I. (In sm'1e cases this was subfraction­

ated into 2 post-microso:Tru fractions and. a Supernatant II.) 

A modification of Hirs' et al (1953) procedure was used to prepare 

ribonuclease of the cell fractions for chrornatography. The extracted 

ribonuclease v.ras counted for c14 and the specifie activity was ex­

pressed as the ratio of radioactivity to enzymatic activity. 

The results show a strikingly rapid labelling of the microsomal 

ribonuclease. The radioactivity of this fraction at 5 minutes is 

higher than that in any of the other cell fractions, reaching a rrax-

inuu at 15 minutes and decreasing thereafter. 

The supernatant I shovred the second most rapid rise in ra.dioacti vity, 

followed at 30 minutes by a rise in the zymogen granules which then 

exceed the supernatant. 

The conclusion from this data is that the microsomal portion of the 

acinar cell is the site of synthesis of ribonuclease. The high radio­

activity in the supernatant I may be due, in part, to the possibility 

of a significant portion of labelled ribonuclease ren~ining in the 

supernatant which prestL--rably r..as a different function from tha. t which 

enters the zymogen granules. 

The results, therefore, clearly implicate the endoplas1nic ret:Lc-
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ulum (microsomes) as the site of synthesis of mouse pa.ncreatic 

ribonuclease. 

It is interesting to note that from this data it 1vas found tint 

the synthesis of a biologically active ribonuclease molecule requires 

3 minutes. 

From the above e.x.periments the microsomes or more specifically the 

ribos01lles, contained Tainly in the ergastoplasm are implicated as the 

site of protein synthesis of tlvO enzy:nes in the acinar ceils of the 

pancreas. Pres-~w.ably, in accordance lvith the proposed mechanisja of 

protein synthesis, this applies to all the other proteins s;ynthesized 

by the cell. In adài ti on, a short tii:le after max:i.111al labelling of 

the ribosomes, the labelled proteins appear in the contents of the 

ca viti es of the endoplasmic reticulum, and then in the zyrnogen gran­

ule fraction. 

However, the steps betvJeen the synthesis of the enz;)mles and their 

occurrence in the zymogen granules renEin unclear. 

':lith radioautography, a technique is prese~_-::.ted l-Jhereby not only 

the site of s;smthesis of the enzymes and the:Lr subsequent fate can 

be follo-vmd at any time interval after the injection of labelled amino 

acids, but the inter21',ediat~:; stages bebveen synthe sis and the final 

pro-J.uct (zymogen granules) can be deterrnined. 
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NATERIAL AND HETHODS 
: J:... :g 

Male Sprague-Dawley rats and male Royal Victoria Hospital 

mice were used in the investigations to be described. The choice 

of these two species was obvious on the basis of availability and 

facility of handling. The relatively small weight of these ani-

mals permitted smaller doses of precursors to be used, thereby 

reducing the cost of the radio isotope. Furthermore, due to the 

differing metabolic rates, it was possible to compare the two 

species insofar as the rate of protein production in the pancreas 

v1as concerned. 

The incorporation and distribution of three labelled amino 

acids were exarnined in detail. Amino acids with widely differing 

metabolic pathways were selected to determine if a different cyto-

logical localiza.tion was detectable. Leucine, glycine and methi-

onine labelled with tritium were investigated. Glycine differs 

from other amino acid.s in that it is not subject to transamination 

reactions. Furthermore, it is both a ketogenic and glycogenic 

amine acid. Iv1ethionine, a sulphur containing compound, also is 

believed to act as a one carbon fragment donor. Leucine is a 

branched chain, ketogenic amino acid. 

In addition, leucine labelled with carbon 14 was used to 

analyse the radioactive material found in histological sections of 

mouse tissues. For this analysis, routine biochemical extraction 

techniques were employed. A Geiger-Htuler counter 'WB.S used to 

assay the radioactivity content of each fraction. 



Animal Techniques 

The rats were obtained from the Holt~~ Co., ~~dison, 

Wisconsin. They were received at least 10 days prior to the 

experiment and housed under constant temperature conditions at 

84° ± 5° F. The animals were maintained under a system auto­

matically controlled to alternate 12 hours of darkness (between 

8.00 P.M. and 8.00 A.I-1.) with 12 hours of light. 

The ani.mals were housed in groups of 6 in standard 1511 x 12n 

x 9" cages, the mlls of which were of galvanized tin, the floor 

and front wall, of wire mesh. The size of the mesh perrnitted 

the excreta to fall through the floor into a pan covered with 

sawdust. The sawdust was periodically changed, and the cages 

replaced at l_east once during the experimental period. 

Food, in the form of Canadian Purina Fox Chow pellets and 

tap -water, was provided ad libitum. 

Daily weight records were kept to ensure that the animals 

gained weight steadily. A regular increase in body weight was 

taken as an indication of the health of the animal. During the 

daily weighings, each animal was petted and handled in a mannar 

s:imilar to that used during injection. This procedure was intend­

ed to accustom the animals to being handled and to reduce their 

nervousness. 

The rnice were obtained from the Royal Victoria Hospital 1 s 

breeding stock. They were received at least one week prior to 

injection and maintained in cages similar to the ones described 
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for the rats, but the dimensions were 1011 x 5 1/411 x 611 • 

Canadian Purina Fox Chow pellets and t ap water were available 

ad 1ibitwn. Dai1y weight charts showed a slow increase in weight 

'\'lhich is compatible with the normal pattern. 

Although the mice were frequently handled, this seemed to have 

little effect on reducing their nervousness. They were, consequently, 

verJ difficult to hold at the tD1e of injection. 

Biochemical Ext~gtion Experim~~t 

order to analyse the nature of the radioactive material 

present in histological sections, the following procedure was followed. 

Four adult male mice were treated as described above under 

Animal Techniques. J:.lice, weighing 22 to 24 gra"ï:ls v1ere injected with 

1 uc per gram of body weight of DL-leucine-l-c14 which was obtained 

from the Radiochemical Centre, Amersham, England (specifie activity 

5.45 mc/~~). The powder was dissolved in nor.mal saline and the 

dilution calculated so that the dosage did not exceed 0.5 ml. The 

anima1s were killed in 2 groups of 2 anLTals each, at 30 minutes 

and 24 hours after the injection. The pancreas, as well as the liver, 

kidney and brain were removed and fi.."'{ed in Bouin 1 s fluid for 48 hours. 

The tissues were treated (up to Paraffin E~edding) as described in 

Histological Techniques (page 53). After embedding, the entire 

piece of tissue was eut into 5 p sections and ribbons collected. 

Deparaff.i~zation 

The sections thus obtained were deps.raffinized in 12 ml. of 

toluene. After centrifugation the supernatant was discarded and the 



packed sections were washed 5 times with 12 ml. of toluene. 

They l'lere then \'Tashed m a mixture of absolute alcohol and 

toluene and finally with absolute alcohol. 

fiomogenization 

46. 

The sections were suspended in 5 ml. of distilled water and 

homogenized using a Teflon homogenizer, after which the proteins 

were precipitated with 5 ml. of 30% tricholoracetic acid (TCA). 

The fmal concentration of TCA was about 15%. Homogenization was 

continued for a short time, the solution centrifuged and the 

supernatant discarded. 

Nucleic Acid Fractions 

The precipitate was resuspended in 5 ml. of 5% TCA and in-

cubated for 15 minutes in a water bath at 90° C. The suspension 

was centrifuged and the supernatant, containing nucleic acids, 

reta:ined for subsequent analysis for radioacti vit;r. 

The precipitated proteins were washed twice with cold 5% 

TCA to remove aJl tracàs of nucleic acids and the supematants 

pooled with the original nucleic acid fraction. 

Lipid Extraction 

The precipitate was washed once in 5 ml. of 95% ethanol and then 

treated with 5 rrù. of a mixture of 3 parts ethanol to 1 part ether. 

The suspension was incubated for 10 minutes in a water bath at 6o° C, 
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centrifuged and the supernatant retained. 

Alkaline Extraction 

The precipita te was di vided approxirna.tely into 2 equal aliquots; 

one was left untreated as a control, the other was extracted with 

alkali. 

The aliquot for alkali extraction was dissolved in 2 ml. of 

lN NaOH and allowed to stand for 1 hour at room temperature. The 

proteins were reprecipitated from this solution 1vith 3 ml. of a 

solution consisting of 2 ml. of 15% TCA and 1 ml. of 2N HCl. This 

gave a final concentration of 10% TCA in 0.7 N HCl (the H Cl served 

to neutralize the NaOH). 

The suspension was centrifuged and the supernatant retained. 

Preparation of Protein Precipitate for Plating 

The alkali extracted precipitate was dehydrated by washing with 

95% alcohol. 

Both alkali extracted and non-extracted precipitates were washed 

in 5 ml. of pure ether and suspended in 0.5 ml. of a mixture of 4 

parts chloroform to 1 part ether. 

Plating of the Protein Precipitate 

Aluminum foil planchets were prepared according to the specif­

ications used in the HcGill-Hontreal Genern.l Hospital Resea.::·cl1 Institute. 

The inner aspect of the planchets were covered \iith a thin film of 

vaseline and weighed in a Gram-o-rnatic balance to one tenth of a 

milligram. 



The entire 0.5 ml of the suspension in the chloroform-ether 

mixture was pipetted into a planchet and the volatile solution 

allowed to evaporate at room temperature. The planchets were 

placed in a horizontal position, as nearly level as possible, to 

ensure an even plating. After initial evaporation the planchets 

\vere completely dried in the heat of a lamp. 

The planchets were again weighed and the weight of the 

vaseline coated pla te \vas subtracted to give the total amount of 

protein (in mgms). 

The NaOH extraction, lipid and nucleic acid fractions were 

first reduced in vollune by evaporation under reduced pressure, 

then plated in a IDanner similar to the protein precipitates. 

Radioactive Assay 

The plated sarnples viere counted with a Geiger-MUller tube in 
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a Berkeley sealer. With a lov: energ:J (3 emittor, such as c14, it 

is known (Kamen, 1947) that varfing the relationship of the sample 

to be counted with respect to the Geiger-HUller tube by as little 

as l rmn. can introduce an error of 5%. Therefore, each planchet 

was counted 4 times, each tLme in a position rotated 90° from the 

previous location and the four counts for each s ample were a veraged. 

The duration of counting andjor the total number of counts were 

sufficiently large to be statistically reliable. 

The results of the effect of NaOH extraction on the radio-

activity of the protein residüe, were expresseà as the number of 

counts per nru1ute per mgm of protein after correction for background 
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radiation. The results pertaining to the amount of radioactivity 

in each of the extracted fractions, v-rere expressed as a percentage 

of the total radioactivity. The latter value was obtained by adding 

the number of counts per minute of the alkali extracted protein 

residue, non-alkali extract~d protein residue, the nucleic acid 

fraction and the NaOH extractable fraction. 

The radioactivity of the nucleic acid fraction, as a percentage 

of the total radioacti vi ty, was calculated from the number of counts 

per minute in this fraction. However, for the protein and NaOH 

soluble fractions, further modifications had to be made. Since the 

non-a.lkali extracted proteins contain a srrall amount of NaOH remov­

able radioactivity, this amount had to be subtracted from the pro­

tein fraction and added to the NaOH soluble fraction. To calculate 

this, an a.rnou..l'lt of radioacti vi ty proportional to the amount of 

protein was deduced from the known a:o.ounts removed from the alkali 

treated aliquot. The percentages of the total radioactivity were 

then calcul.ated. 

No self absorption was found in the protein residue if the 

amount of precipitate did not exceed 3 mgms per square cm. In the 

experiment, this amount was never exceeded. The nucleic acid 

residues sho~ved no self absorption, but the NaOH extractable fraction, 

consisting of large flaky precipitates of NaOH, showed a large degree 

of absorption. Correction curves vrere calculated and applied to 

these results. 

To verify and extend the results obtained, the experiment was 

repeated with 4 mice weighing 15 to 18 grams. The specifie activity 



of the L-leucine-cJl~ (The Radiochemical Centre, Amershain) used 

in this experiment was ?.lh mc/ml.v1. In all other respects, except 

that the entire protein residue -was extracted with NaOH, the two 

experiments were identical. 

50. 

Sixty-nine young adult male rats, weighing 122 ± 6 grams were 

selected, using the random number method, from a stock of 106 anlinals. 

The animals were maintained for ten daj~ under the conditions of the 

departmental animal room. Thirty-three anirrals were injected with 

one dose of 2.5 JlC per gram of body weight of leucine-H3. The 

leucine-H3 was obtained from the New England Nuclear Corporation, 

Boston, ~~ss., (specifie activity 29.1 mc/~1) and diluted with normal 

saline. The dilution was adjusted so that a minimum volume, not ex­

ceeding 0.32 ml. of solution, could be injected. Three animals were 

killed at 10 minutes, and the reinaining 5 groups of 6 an~nals each were 

killed at 30 minutes, 4 and 36 hours, 7 and 30 daj~ after injection. 

Experiment II -=-~ne-2-H3 

Five adult male RVH mice, weighing 25 to 30 grarns, each received 

one single intraperitoneal injection of 3.5 or 5 ~c per gram of body 

weight of glycine-2-H3. The animals were killed in pairs at 5 and 

15 minutes, and a single animal at 30 minutes. One animal of each 

group received 3.5 pc, the other 5 ~c per gram. The 30 minute animal 



received 3.5 ~c per gram of body weight. 

ExperL~ent III - DL-Methionine-H3 (generally labelled) 

SLx ma ture male RVH mie e, weighing 23 • 5 to 27.5 grams, were 

each injected intraperitoneally with 5 ~c per gram Of body weight 

of methionine-H3, and killed in pairs at 5, 15 and 30 minutes. 
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The glycine-H3 (specifie activity 15.4 mc/mH; New England 

Nuclear Corporation, Boston, l•~ass.) and the methionine-H3 (specifie 

activity 28.0 mc/mH; Radiochemical Centre, Amersham, England) were 

received as powders and dissolved in non1~l saline, the dilution 

being such that the volume of the injection, in the case of meth­

ionine, did not exceed 0.2 ml. The glycine solution was prepared 

for a previous experL~ent and the radioactivity was in a greater 

dilution, thus a larger volume, about 0.8 ml. was injected. How­

ever, no detectable effect was produced on the animal. 

Injection Techniques 

In all experiments, the animals were injected during the 

morning hours. Partly digested food was found in the stomach of 

each animal at autopsy, indicating that digestive processes were 

under way. 

Injections were given with a 1 ml. tuberculin syringe and 

number 25, one-half inch needle. The injection vms intraperitoneal, 

via the anterior abdominal wall, usually lateral to the midline. 

Gare was taken to insert the needle very obliquely so that no material 



could leak out after the needle was withdrawn. 

Following injection, each animal, suitably ma.rked by ear 

clipping, was replaced in its cage. 

Sacrifice 

Because the radioautograp~ic experiment with leucine-H3 was 

performed with Dr. B. l•Iitmaker (N.Sc. Thesis) vvhose particular 

interestwas the thy-roid gland, the method ôf sacrificing the rats 

was as foLlows. Under ether anesthesia, the thyroid gland was 

exposed by a mid-line incision in the neck. The abdominal wall 

was then opened and the animal exsanguinated by aortic puncture 

using a heparinized syringe. The thyroid gland, together with the 

trachea, was inunediately removed. The pancreas vras removed immed­

iately after the thyroid extirpation, followed by other organs 

and tissues. All were fixed in Bouin 1 s fluid. 

Under chlorofor.m anesthesia, the pancreas, as well as other 

or gans of the mi ce used in the radioautographic experiments, vTas 

removed and fixed in Bouin's fluid. The mice died under the anes­

thetic, usually before complete removal of the organs. 

52. 

For the biochemical extraction experiment, the mice were 

anesthetized with chloroform and killed by e~anguination via aortic 

section. 



Histolog.ical Techniques 

Paraffin Embedding 

The tissues were fixed for at least 24 hours in Bouin 1s 

fixative, then transferred to 70% alcohol. Each piece of tissue 

was trirnmed with a ra.zor blade so that a flat plane, with a large 

surface area, was presented for sectioning. 

The various tissues, enclosed in a cheescloth bag, were de­

hydrated over a period of about 12 hours in several changes of 

dioxane. 

After dehydration, the tissuex were placed in a 1:1 solution 

of dioxane and liquid paraffin, then into several changes of clean 

paraffin, until infiltration was judged to be complete. 

All the soft tissues from each animal were embedded together 

in a single block. Sections were eut at 6 p and n~unted on a 

glass slide using egg alburr~n as an adhesive. 

Stai ning: Herna toxylin and Eosin 

The sections 1·rere deparaffinized in xylol and hydrated in a 

graded series of alcohols, and finally into water. 

Hematoxylin: 

53. 

Harris 1 hematoxylin was used because it was shown to have little 

effect upon the photographie emulsion. After staining for 5 minutes, 

the slides were washed in tap water and differentiated with a sol­

ution of 0.5% HCl in 70% alcohol. The slides were again washed in 

tap \vater and blued with lithium carbonate, followed by vrashing in 
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tap water, then in distilled water. 

Eosin 

From distilled water the slides were brought through 50 and 70% 

alcohol to 95% alcohol and stained for 5 minutes with 1% eosin in 

95% alcohol. After differe~tiation in 50% alcohol, the slides were 

washed in water and allowed to dry in air. 

Radioautographic tecl1nigues 

The dr.y histological sections were processed for radioautography 

by the coating technique (l•fessier and Leblond, 1957; 1-la.rkus-Kopri-v.ra. and 

Leblond, in press). 

Coating 

Coating of the histological sections was carried out at a distance 

of 3 feet from a Wratten Safelight filter in a completely light-proof 

darlc room n~intained at 17 to 18° c. Bulk Kodak NTB2 emulsion vas 

melted in a 40° C water bath. The slides, bearing the histological 

sections, \'Tere dipped by hand vertically into the fluid emuls=_on, 

retai..YJ.ed for a few seconds and withdrawn. Excess emulsion \vas drained 

off the lower portion of the slide and the backs cleaned of emulsion, 

with a soft tissue. The slides \vere allovred to dry vertically in 

plastic racks. 

Exposure 

The coated slides were stored in plastic slide boxes, the hu~dity 

being minirnized by 15 to 25 grams of Indicating Drierite c ontained in 



a tissue bag. The boxes, sealed with black adhesive tape, were 

stored in a refrigerator (4-5° C) in such a way that the slides 

1vere exposed in the horizontal position, with the emulsion facing 

upwards. 

The leucine-H3 radioautographs were exposed for 15 days; the 

glycine and methionine-H3 radioautographs for 21 days. 

Processing 

55. 

For processing, the exposed slides were placed in a plastic 

box, similar to the one in which exposure took place, but with 

holes bored in the sides and most of the top and bottom eut out to 

allow for circulation of fluids. 

Ail solutions were kept in the darkroom and were, consequently, 

at 17-18° C. The radioautographs were developed for 2 minutes in 

Eastman Kodak Dektol (D-72) developer, carried through a distilled 

vater stop bath and fL~ed for 3 minutes in Eastœan Kodak Acid Fixer. 

After fixation the s1ides were washed for 15 minutes in running 

tap water at 17-18° C, dehydrated in 95% alcoho1 and two changes 

of absolute alcohol. 

The radioautographs were taken from the dark room, removed 

from the slide carrier and placed in a 1:1 mix:utre of cedar oil and 

absolute alcohol for 1 hour, then in a 1:1 mixture of Canada balsam 

and xylo1 for 1 hour, and permanently 1nounted in balsam under a 

coverslip. 

The preparations were dried at 370 C for a few days and cleaned 

with xylol. 
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Quantitative R.adioautographic Eethods 

Quantitating radioautographic intensity (e...'Cpressed as number 

of silver grains in the emulsion overlying cytological structures) 

necessitated the selection of a convenient unit for analysis. The 

hetercgeneity and small size of the cellular structures in the 

pancreas ma.de counting silver grains per unit area of an ocul.ar grid 

superimposed on these structures virtually impossible. Indistinct 

cellular limits in hematoxylin-eosin stained sections precluded the 

use of individual cells as a basic unit. Therefore, the choice was 

restricted to the entire acinus as the unit for study. 

Nethod for Analysis of Radioautographs 

The heterogeneity of the tissue prevented the use of ordinary 

grain counting :nethods. Hmvever, a more accurate analysis was rœ.de 

possible using dra1rings :aa.de to sca.le of acini and the silver grains 

over them. 

Thus a more precise localization of all silver grains was rrade 

possible. In addition, acini could be further subdivided to gain 

more detailed inforr.1ation on grain distribution. 

Criteria for Selection of Acini for Drawing 

Dravdngs were made of acini selected on the basis of the following: 

1. Clear and dist:i.nct separation from adjacent acini. 

2. Basophilie ergastoplasm being clearly delimited from the eosin­

ophilic zymogen granules. 



3. Entire acinus ringed by a more or less complete ergasto­

plasm enclosing a central region of zymogen granules. 

57. 

4. Acinar size not exceeding an area of 2500 sq. ~ (as determined 

by a known ocular grid) 1r1ith a minimum not sma.ller than 100 p.. 

5. Intensity of radioautographic reactions. 

In practice, acini which 'J'fere lvell stained, clearly defined 

and with a readily countable radioautographic reaction were selected. 

Preparation of Drat..rii1GS for Glycine and Nethionine Anal vsis 

The drat .. i..ngs wre made in relation to a vfuipp1e micror:-teter 

ocula.r dise (1 square = 10 x 10 ~) at an original llngnifieation of 

800 times under oil immersion. Squared paper vms used, one square 

inch representinr; one squre of the dise grid. First, the acinar 

limit (basement membrane), ergastoplasm-zymogen granule junetion, 

nuelei and nucleoli vrere dravm. Then the silver grains were dravm 

in, being superimposed on the acinar outline drawing. Proceeding 

one square at a time the acinar details in the square of the dise 

\vere drawn freehar-ld onto the paper. 

Thus, three morphological subdivisions of the acinus were 

drawn (1) ergastop:Lasm, (2) z;yr::.ogen granule area, (3) nuclei (only 

those judged to be at the surface of the section "~ilere included in the 

drawing). Of the se three morphological di visions, the ergastoplasm 

and zymogen granule region viere further subdi vided. 

The ergastoplasm t'las di vided by a line dra tm a pproxir;a tely 

pa.rallel to the basen:.ent membrar~e and to the ergastoplas~n-zymogen 

granule junction anà. about one half the perpendic--llar distance 

between them. This lL~e separated two regions which were referred 



to as prox:L'TID.l and distal ergastop1a.srü respecti vely. The 

distal ergastoplasln do es not, thereforc;, include the small amount 

of ergastoplasm scattered in the apex of the c ell. 

58. 

The zymogen granule area 1~s divided by a line drawn parallel 

to the ergastop1asLJ.-z;y·rlogen granule junction and at an arbitrarily 

set distance of 2. 8 p. from i t. 

viz. 

rrherefore, five acinar components in all 1vere drawn (Fig. 2 ): 

1) Prox:Lùal ergastoplasm 

2) Distal ergastoplasm 

3) Proximal z;y:mogen 

h) Distal zymogen 

5) 

Prenaration of Dra1·rlngs for Leucine Anal:ysis 

The lines of a stage micror'J.eter, ruled 10 J.l a part, 1vere photo­

graphed at a magnification of approxirntely 550 tiTies. At the ~e 

magnification, the surface of the acinus :in.rüedately beneath the level 

of the silver ns was photograp:ned. 1'he negative irrage of the 

micrometer lines \>Jas projected using a photographie enL1.rger onto 

graph paper ruled in 1 inch squares. The rnagnification v~as so ad­

justed that the micrometer lines coincided vdth those of the graph 

paper. Thus a ragnification was achieved such that 10 v 
corresponded to 1 inch or x 2540. 

The negative image of the acinus was projected at this magnif­

ica tion and traced on the square paper in such a way tha t the dravm 
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PlATE 2 

Preparation of the dratdngs for the radioautographic analyses. 

Fig. 2 a 

Fig. 2 b 

N'asson r s trichro:-Je stained section of the pancreatic 
ac in us of the rat • 

The acinus is enclosed by the ergasto-
plasm (Erg), t·rhich es the central z:ymo-
gen region. The nuclei appear entirely tvithin 
the ergastoplas:~lic band. A more co1nplete descr1ption 
of this photosraph is 8iven for Plate 3. 

A line dratdnc; represon of the a ci nus in Fig. 2 a 

dra-vring is s ones :;nde for analysis 
of the radioauto,sraphic distributions. The er-

(Erg) as '\·rell as the nuclei contained therein 
t'lere drawn, then di vided by the interruptecl into 

(P) and distal (D) portions. 

The zymogen granule 
rupted line, dra1m 2.8 -p. 

Thus, a proxirnal 
created in the zymogen 

\vas divided by the inter­
from the limit of the ergasto­
anè distal portion was also 

.rœ.ss. 

The positions of ti1e silver grains in the radioauto­
were then plot ted on such dra'WinGs. 
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acinus had the sarne to the sq uarœ of the as the 

~ricrosco:Jic imaee of acinus had to l:,he squares of an ocular 

grid suner::L":l-::;osed on 

By using the lines of the ocular grid and the of the 

gra ph paper as , the radioautoeraphic silver grains 

overlyine various structt:.rea ~vere mapped on the dravling. 

The dra1ù.ngs were subdi vided exactly as described for glycine 

and nethionine (ab ove). 

Counting of Silver Grains 

The nurnber of silver grains àra-vm over each of the five 

components were c ounted in all dra• .. rings. grains 1-vhich 

occurred at the border of tvTo components 1-·rere considered as orig­

inating half from each component. 

The results of the grain counts alone were not comparable 

fr01n one acinus to anot~er due to the variation in size. They vrere, 

therefore, Î..c"'1 terms of concentration, or grains per unit 

area of the section. 

Since the components are in outline it was 

impossible to calculate the surface area qy conventional :r.athematical 

mc:ans. However, the dravrin<1s represent the relative proportions of 

the various aci1nr components. The paper used for the drawings was 

sho~m to be relatively homogeneous, as as i'Teight per unit area 
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is concerned, and it nay be assumed that the weight of paper 

representing each acinar corn.ponent proportional to the area 

of that component. 

Therefore, the prepared dra~:rlngs vrere eut out and the paper 

comprising each of the 5 components was separatelyweighed on an 

analytical balance. 

Relative weights of the paper-cut-outs were obtained and 

concentration of radioactivity, expressed as nunilier of grains per 

weight of acinar component (paper) was calculated. 
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RESULTS 

The results are presented in three parts; an introductor.y 

description of the structure of the pancreatic acinus; the results 

of the biochemical analysis justif;ring the use of radioautography 

to detect newly formed proteins, followed by the results of the 

radioautographic analysis, which forms the main subject of this 

thesis. 

PARTI 
?F 

Structurally, the pa.ncreatic acini from bath rats and mice 

were found to be almost identical. The follovd.ng description, 

therefore, applies to bath species (Fig. 3 ) • 

The Acinus __ ....... u __ 

In sections stained with hemato~lin and eosin (H & E) the 

acini appear as more or less distinct, irregularly circular or 

oval units. The amount of separation of one acinus from another 

varies from one region to another, probably due to the degree of 

shrinkage produced by uneven penetration of the fixative. Small 

amounts of loosely and irregularly arranged connective tissue 

elements are found between adjacent acini. 

In section, the cells forming the acini are irregularly tri­

angular in shape (Fig. 3 ) • The apex of the cell is flattened, 
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Fig. 3 

FIA TE 3 

lias son 1 s trichr01·,1e stained section of the pancreatic 
acinus of the (x 2600) 

The acinus is cornposed of triangu.lar cells, the 
outline of vrhich can be distinguished in several places. 
Surrounding almost the entire acinus is the basophilie 
though lighter ergastoplasm in which the cir-
cular nuclei, containing prorn.i.nent nucleoli, a:re 
locate·.-l. The central region is occupied by the acido-
philic sta:L ned, z;ymo t;en granules • 

~vithin the center of the zymogen granules, an 
elongated clear indicates the apical lwüen. A 
clear area, can usually be dist:tnguished betvreen the 
zymogen and the ergastopJ.r'3.s::n, this preswnably 
indicates position of the Golgi apparatus. 

Betvleen the bases of adjacent cells, indentations can 
be seon. The basal indentë.bion at the right of the 
acinus contains fine connective tissue elements, and is 
lined by the basew.ent membrane. 





fornrlng a very small border which abuts on the acinar lumen 

(see description below). The base of the oeil is in contact with 

a periodic acid-Schiff (PA-Schiff) positive basement membrane. 

The sides, or lateral borders of adjacent cells are in close con­

tact at their apical ends, where they are indistinguishable in 

H & E stained sections, but may di verge from each ether as they 

approach the basement membrane leaving narrow gaps (referred to 

hereafter as basal indentations) between the basal portions of 

the cells. At this level the separation gives an indication of 

the cellular limits. 

Observations on sections of rat pancreas stained with the 

TPA technique (see Acinar Lumen, beiow), PA-Schiff technique and 

reticulin silver impregnation technique, reveals two types of 

basal indentations. One type, which is narrow and extends for 

only a short distance apically, is always devoid of connective 

tissue elements. These indentations are more numerous in poorly 

fixed regions of the sections, giving the impression that they 

ma.y be due to shrinkage caused by fixation. A second type of 

indentation is usually rouch larger, and extends further apically 

between adjacent cells. This type of indentation is associated 

with connective tissue, and is usually in close proxinùty to a 

capillary. 

The basement membrane, not seen in H & E stained preparations, 

and only faintly visible in sections stained with the PA-Schiff 

tecb..nique, encloses the entire acinus, but does not extend into 

the narrow indentations at the basal junction of adjacent cells. 

The basement membrane does, however, extend into the deeper in-



dentations. 

The lumen of the acinus is extremely small, more often 

tha.n not, indistinguishable. vlith the technique devised by 

Puchtler and Leblond (1958), which consists of mordanting with 

tannic acid, follmied by phosphomolybdic acid and stained with 

amido black (TPA), a ductular lumen, not excoeding 1.5p. in diameter, as 

indicated by the apical cell web (Leblond et al, 1960), may be 

seen betvreen the cell apices (Fig. 4 ) • The shape of the 

apical lumen difîers according to the number of cells abutting 

on it. Thus, in an acinus composed of only three cells, the 

lumen·is triangular in cross-section with a terminal bar at 

each angle (Fig. 4 ) , in a four celled acinus, the lumen is 

square or rectangular, again with terminal bars at each angle. 

Frequently, the ductu1ar l~~en is elongated between two 

adjacent cells, forming an intercellular canaliculus, character­

ized in cross-section by a circular appeara.nce "trith two terminal 

bars at opposite points on the circumference (Fig. 4 ). Cross­

sections of intercellu1ar canaliculi ~nay be seen anyv1here along, 

but enclosed between, the lateral borders of adjacent cells. 

When the canaliculi appear close to the basal end of the cell, 

the ergastoplasm which would nor.n~ly be seen at this point, is 

separated from the canaliculus by zymogen granules. Judging 

from their size and number in comparison to the apical lumen, 

these caniculi probably represe:1t the main lumen of some acini. 
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Fig. 4 

PLATE 4 

Drawing of a TPA stained section of the pancreatic acini 
of the rat. 

Several acini have been dra-r,m. At the per-ipher>J of 
each acinus, the re is an alnost complete band of ergasto­
plasm, he re shm,m in grey. Several nuclei can be se en 
-y·dthin the ergastoplasm. 

The lacy pa ttem enclosed by the ergastoplasm is due 
to the presence of zymogen [Sranules. In the direct center 
of the acinus at right center, desrrlosomes can be seen at 
the apical pole of the three calls 1.vhich form the acinus. 
Connecting the desmoso::1es are three lines, which represent 
t.he delicate apical cell web. From the des~~10somes, cell 
r1enbranes may also be seen extending outv.rards. These 2.re 
first seen as a s line and then diverge to form the 
basal indentations. 

lmver acinus shovJS a pattern essentially similar, 
except that a longituidnally eut luraen can be seen trans­
versing the zymogen granule accun1ulation. The ualls of 
the lUtuen are seen to be con~osed of a rmv of granules; 
the entire row being the t erm.inal bar, while the darkly 
stained granules are the desmosoraes (vJhose ali[;nn1ent makes 
up the terminal bar). duct originates blindly at the 
right, but i ts termina ti on to the left, presunably into 
an excretory duct, cannet be seen in this section. 

Branches of the n~in lumen may extend as outpouchings 
bet-vreen ttllfo adjacent cells. These consist of 2 terminal 
bars, joined by a layer of cell \·leb at the surface of each 
one of the two cells. These form the intercelluJ.ar can­
aliculi, one of which is seen in the lmver right portion 
of the acinus. 
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Nucleus 

The nucleus is large, rourid and basally placed, where, 

except at it 1s distal pole, it is surrounàed by the basophilie 

ergastoplasm. A large number of binucleated cells were observed 

in both species, however, on a qualitative basis, the proportion 

of binucleated aCL!ar cells appears to be somewhat greater in 

rats than in mice. The nuclear details observed correspond to 

those described in the introductor,y section on morphology of the 

pa.'1 creas. 

Basal Region 

With H & E the entire basal portion of the acinar cell stains 

deeply basophilie. The basophilia extends around either side of 

the nucleus, usually completely enclosing i t. As the band of 

basophilia approaches the border between two cells, it usually 

extends for a short distance apically along the lateral cell 

membranes, appearing as a ·peak of basophilia proj ecting into the 

mass of zymogen granules in the center of the acinus. This baso­

philie region ends abruptly in contact with the acidophilic 

z:,nnogen granules. The term ergastople.s:t] coined by Gar:rier in 

1900, will be used to denote this region. 

Two varieties of striations are evident in the ergastoplasm. 

Intensely staincd striations, irregularly alternating with and 

parallel to lightly stained, longitudinally disposed stria.tions, 

are usually seen in H & E stained sections. The dark striations 



are proba.bly due to the preferentiall~r oriented ergastopJ.asmic 

sacs, while the light areas are due to the mitochondria located 

in the ergastoplasm. Both types of striations are more prominent 

in tissues fL~ed in Carnoy's fluid. 

1'/ith Hasson! s trichrmne, the ergastoplasm stains deep purple, 

leaving the fine striat1ons, due to mitochondria, visible as 

lightly stained areas (Fig. 3 ) • 

The apical portion of the cell, in H & E preparations is 

occupied by nlli~erous refractile, eosLîophilic zymogen granules. 

68. 

These organelles are ernbedded in the substance of the apical cyto­

plasm; however, in the 6 ~ sections used for this study, the granules 

overlapped to such an extent that aJJnost no trace of the cytoplasm 

could be seen. 

The zymogen granules stain a brilliant red with ~~sson!s tri­

chrome stain; the central portion of each granule appears paler 

Vlhile the periphe:rtJ more intenscly stained. 

A clear area, particularly noticeable in Hasson!s trichrome 

preparations, is invariably seen separating the ergastoplasm from 

the zymogen granule accwùulation. This region occupies the morpho­

logical si te of the Golgi ap:p3.ratus. 

The Gs?.l.gt .. AJ:P.ara tus 

Classical silver impregnation methods, in particular Aoyru1~ 1 s (1930) 

technique, were applied to the rat pancreas. In sections prepared 



according to this technique (Baker, 1956), the internal reticular 

appa.ratus of Golgi was always seen in a position eiLllc:>r directly 

betvreen the nucleus and the cell apex, or between the nucleus 

and the la t~ral cell membrane (Fig. 25 ) • i•Ieasurements of the 

extent of the Golgi apparatus, as well as of various distances 

from the apparatus to ether cellular structures are shown in 

Figure 23 • From these measurements, it is interesting to 

note that a distance of at least 2 ~ separates the Golgi apparatus 

from the apical pole of the nucleus. 

The silver deposition blackens a series of interconnected 

linear structures, which subdivide a non-pigmented area, pre­

sumably corresponding to the chromophilic and chromophobic por­

tions of the Golgi apparatus (Lacy and Challice, 1956). 

Surmna_!X 

In suomary, the general picture of the acinus which is con­

sidered for quantitative purposes is that of a rounded structure 

divided into three distinct morphological units. These units are 

(1) the ergastoplasm which forms an almost complete basophilie 

band of rather uniforrn width around the entire acinus; (2) the 

nuclei, large round structures almost entirely within the ergasto­

plasm, and (3) the esinophilic zymogen granule accumulation, which 

occupies the entire central portion of the acinus within the ergasto­

plasmic band. 

For purposes of orientation, the basement membrane is considered 

as the proximal end of the cell and the apex border:ing on the lumen 



as the distal end. Thus, all subdivisions of the acinus may 

be referred to as being proximal or distal with respect to the 

basement membrane. 

PART II 

Biochemical Extraction Experiment 

Introduction 

The biochemical extraction experiment was designed to 

determine precisely what compounds, of those remaining after 

histological pDocessing contain radioactive material. 

The crude TCA insoluble fraction (see Methods), obtained 

after homogenizing the sections, contains all the simple uncon­

jugated proteins, the nucleoproteins, lipoproteins (though pract­

ically none of the lipid prosthetic groups remain after histolog­

ical procedures) and the labelled compounds which n~y adhere to 

these simple and conjugated proteins, by bonds other than peptidic 

linkage. 

70. 

~~tracting the crude TCA insoluble fraction with hot TCA 

hydrolyses the nucleic acids and frees them from the protein. Thus, 

the hot TCA soluble fraction contains the ribonucleic and the deoxy­

ribonucleic acids (RNA and Dr~), of the tissue. 

Lipids were extracted from the crude TCA insoluble fraction 

(After nucleic acid extraction) merely for the sake of completeness, 

hrnvever, no radioactivity was found in this fraction. 

After alkaline extraction, the TCA insoluble fraction consists 



of the purified proteins. The alkali soluble fraction contains 

labelled compounds liberated from the proteins; these are pre­

surnably not held by peptide bonds. 

Results 

To assess the effect of NaOH extraction on the radioactivity 

content of the tissue proteins, the two aliquots, viz. non-alkali 

extracted, acting as a control, and alkali extracted fractions, 

were compared. The results are expressed as the number of counts 

per minute per mgm of protein, after correction for background 

radiation (Table 2 ). In some cases, the count following alkali 

extraction is lo1:ver than the corresponding control, but in others, 

the opposite is found. Hovrever, in all cases, radioactivity is 

found in the alkali soluble fraction; this is taken to indicate 

that the experimental conditions are not sensitive enough to 

detect slight lasses due to NaOH extraction. 

71. 

A more infornative picture is obtai.ned when the results are 

expressed as a percentage of the total radioactivity contained in 

the histological sections of the en tire piece of tissue (Table 3 ) • 

To obtain the percentage of the total radioactivity in the tissue 

the calculations described on page 49 were made. 

The results show that 90 to 97% of the total radioactivitv in 
"' 

tissue sections is found in the protein residue; a slight amount 

occurs in the nucleic ac id fraction and a smalle r quanti ty is found 

in the NaOH soluble fraction. 

Conclusi911 

The principle conclusions drawn from these experimenta, relevant 



72. 
TABLE 2 

EFFECT OF NaOH EXTRACTION ON THE RADIOACTIVITY IN THE PROTEIN FRACTION FROM 

HISTOLOGIÇA~ SECTIONS OF VARIOUS TISSJES FROH L~UCINE-Cl4 INJSCTED MICE 

(COUNTSJ11INUTE/Mi?l_OF PROTEIN} 

Tissue Time after injection Non~JaOH extracted NaOH extracted 

Pancreas 30 min 418.9 499.7 
501.4 499.7 

24 hrs 78.6 78.1 
52.9 54.6 

Li ver 30 min 64.9 68.9 
69.7 106.3 

24 hrs 65.5 75.6 
43.7 37.9 

Kidney 30 min 53.4 68.1 
127.2 101.4 

24 hrs 112.4 94.5 
115.8 131.1 

Brain 30 min 24.3 21.3 
25.2 22.9 

24 hrs 38.9 43.7 
24.3 23.9 



TABLE. ,â 
FRACTIONATION OF THE RADIOACTIVITY P~AINED AFTER HISTOLOGICAL 

PROCESSING IN VARIOUS TISSUES OF LEUCINE-Cl4 INJECTED MIGE 

-
Tissue Time % Total radioactivity 

a ft er 
injection 

Insoluble in Soluble in Soluble in 
co1d TCA hot TCA Na OH 

Pancreas 30 min 91.0 4.0 5.0 
24 hrs 94.0 3.0 3.0 

Li ver .30 min 96.7 2.3 1.0 
24 hrs 96.0 2.2 1.8 

Kidney 30 min 96.4 1.9 1.7 
24 hrs 97.2 1.1 1.7 

Brain 30 min 90.S 3.5 

1 

5.7 
24 hrs 96.5 1.2 2 • .3 

1 

73. 



to the radioautographic resu1ts, is that over 90% of the radio­

activity visua1ized by radioautography originates from labe11ed 

material firmly fixed to the proteins of the histological section. 

Thus, it is confirmed, that the injection of label1ed amino acids 

does in fact give rise to labe11ed proteins. 

PART III 

Radioautographic,Results 

74. 

Pre1imina~ observations of the radioautographs at the 

earliest time interva1s, 5 and 10 minutes, show photographie si1ver 

grains in the emulsion overlying every acinus throughout the entire 

section of pancreas. Thus, as ear1y as 5 minutes in mice, and 10 

minutes in the rat, the labelled amine acids must have diffused 

throughout the pancreas; have passed through the various reactions 

involved in protein synthesis and have been incorporated into the 

newly e1aborated proteins. The radioautographic reactions, though 

relatively 1ight at the ear1y time interva1s, increase to a maximum 

at 4 hours and drop to a minimum at 36 hours. 

Leucine-H3 

Czt,op1asm 

Qualitative ana1ysis of the leucine-H3 radioautographs show 

that most si1ver grains at 10 minutes are 1ocated over the ergasto­

plasm of the acini (Fig. 5 ). The grains, predominantly 1~ndom in 

distribution over the basophilie region, may however, be concentrated 

over one area of the ergastoplasm, and only scattered over another 



ergastoplasmic area of the same cell. The concentration of 

grains, often confined to either the basal portion, close to 

the basement membrane, or to the apical part of the ergasto­

plasm, could not be correlated with any specifie substructure 

within this region. 

The proximal zymogen granules are also heavily labelled, 

but only rare and scattered reactions are seen over the distal 

zymogen granules. 

Thirty minutes after the injection, the most intense 

reaction is seen over the proxi. r:1al z;y111ogen granules (Fig. 6 ) • 

The grmns appear as more or less distinct clusters somewhat 

removed from the distal pole of the nucleus. The ergastoplasm 

remains strongly labelled, and an increased, though still slight 

reaction is seen over the distal zymogen granules. 

By four hours after the injection the maximum reaction in­

tensity is located diffusely over the proximal and distal zymogen 

granules (Fig. 7 ). 

Concomitant with the reactions seen over the cells at 30 

Finutes and particularly at 4 hours, reactions are also seen over 

the material in the lumen of the excretory ducts (Figs. 8 and 9 ). 

Quantitative Hesults 

Four acini, selected according to the criteria stated in the 

section on Na te rial and 1-feth ods, fron each an:inm.l in the 10 and 30 

minutes, 4 and 36 hour groups, were dravm as described on page 58 • 

For the 10 minute, 4 and 36 h~ur groups, 3 anima.ls were studied; for 

the 30 rainute group, all six were analyzed. _Thus, the re-

sults represent the average of 60 different drawings. 
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Fig. 5 

Fig. 6 

Fig. 7 

PlATE 5 

Radioautographic 1ocalization of 1eucine-H3 in the 
pane rea tic acini of the rat. (x 130C, 15 day ex po sure, 
H & E stainine;). 

Acinus 10 minutes injection. 

The sil ver are rœ.inly over the ergasto-
(darker staining zone), v.rith a few grains over the 

proximal zy:·Joe;en granule region. The distal zyr:10gen granules 
shm~ no reaction. 

Acinus m~~nutes injection. 

11he ergastoplasm shovrs some reaction, but most of the 
ns are now located over the proximal zymogen granule 

region. A gain the distal Z;)7Ji~ogen granules sho-vm no reaction. 

Acinus 4 hours after injection. 

~~hile some reaction persists over the ergastoplasm, 
most reactions are distributed over bath r::roxima1 and 
distal portions of the zymogen granules. 
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Fig. 8 

PLATE 6 

Radioautographic localization of leucine-H3 in the 
excretory ducts of the rat pancreas (x 500, 67 day 
exposure, H & E staining). 

Pancreatic duct, 30 minutes after injection. 

The in the lumen of duct is seen to be 
slightly radioactive. The surrounding acini show dark 
clumDs of [:rains, 'dhich unde:c pm-mr can be 
localized to the ?2-"0::irJ.al z;ymogen region . 

• 9 Pancreatic duct, 4 hours after injection. 

The "Jithin the lumen is novi intensely radio-
active. radioautographic reactions over the surround-
ing acini are distributed over the z~nogen granule 
region, however, localized clmJps of can still be 
seen over the pro:zirtl8.l zymogen gran 

At 30 minutes after the injection, the cluct cells 
shovi a reaction, 1·rhich increases scme\vhat at 4 hours. 





Gra:in Counts 

The number of silver grains was counted over the acinar 

components from every dravfing at each time interval and averaged 

(Table 4 ). Expressed as the average number of grains per 

component, the reactions over each component are comparable only 

to the same components at the other time intervals; even then, 

a comparison can be made only if the areas under consideration 

are similar. Hm,,rever, from this table it can be seen that the 

proximal and distal portions of the ergastoplasm are al.r:1ost 

equally labelled at a 11 tirne intervals. The nurnber of grains 

over both regions remains about the same from lü to 30 minutes, 

decreases some"wvhat at 4 hours and drops even lower at 36 hours. 

The nurnber of :~rains over the proxiuïal zymogen granules 

increases about two fold from 10 ta 30 minutes, drops slightly 

at 4 hours and falls to a very lovT level at 36 hours. 

The nlUllber of grains over the distal zymogen granules 

increases steadily up to 4 hours, then decreases to a very snall 

number at 36 hours. 

Gr~in Concentration 

Because of the area differences betv1een the components, the 

counts were expressed in tercs concentration. Hultiplying the 

78. 

grain concentrations by the weight of an area of paper corresponding 

to 100 p_2 ( using scale described on page 57), gp.ve the con-



TABLE 4 

AVERAGE NUI'iBER OF SILVER GRAINS OVER EACH C YTOPIASMIC ACINAR COMPONENT 

AFTER I NTRAPERITONEAL IN J~TION OF LEUCINE ~q3 IN THE RAT 

Acinar component Time after injection 

10 min 30 min 4 hrs 36 hrs 

Ergastoplasm: Proximal 30.3 l 28.0 15.0 10.9 
Distal 26.0 27.4 15.7 7.3 

Zymogen: Proximal .30.5 59.1 50.4 9.9 
6.2 8.5 

1 
20.2 1.9 

-

79. 
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centration of loo n
2 tl per r 1us, 

Concentration (Grains/Gram of paper) X Weight of unit area of Paper 
( Gram.s /lOO p.2 ) 

;; erains/100 )12 

The results expressed in this way, with the standard deviations 

are sho1rm in Table 5 • The large standard devia ti ons inè.icate the 

high degree of variation from one acinus to another. From this 

table it beco1nes that there is no functional difference be-

tl'men the proximal and distal portions of the ergastoplas~-:1 and that 

the entire ergastoplasm may be considered as a homogeneous unit 

( combined ergastoplasm, Table 5 ) • 

The results, per unit area, shov.r that the ergasto-

pla sm and the proximal zymogen granules have the grain con-

centration at 10 The ergastoplasnûc concentration 

decreases during the from 30 ~inutes to 4 hours, then continues 

to decrease slightly 36 hours after injection. grain con-

centration over the zymogen granules sharply 

betHeen the 10 and 30 minute intervals, reTiains almost constant until 

4 hours, then decreases abruptly at 36 hours. The concentration 

over the distal zymogen in creas es gradually from 10 to 30 

minutes, rises sharply to a peak at 4 hours, then decreases markedly 

at 36 hours. 

The grqJ hical representation, obtained by plot ting the number 

of grains per 100 Jl2 area agajnst the time in HLLJ.H..A.U\.JU after the 

injection gave tne curves shown in Figure 10 • The 

distal z;rmo gen granule are combined as a entity. 



TABLE 5 
m:::s: ... x 

AV~FU~GE CONCENTHATION OF SILvw GHAINS PER lOO ë2 OF EACH CYTOPLASIIIC AClNAR 

Cül-IPONENT AFTZH I~~TIAPEHITONEAL INJECTION OF LgUCINE-HJ IN TH~ l1Al 

A einar component Time after injection 

-
10 min 30 min 1 

4 hrs 36 hrs 

------- . 
Ergastoplazrn: ProY,_Ln;.:;.l 23.7 20.8 12.2 8.5 

Distal .3 22.3 14.0 6.9 

Combined e rgasto pla sn t 21.2 i 4.2 21.6 ± 7.5 13.2 ± 2.9 7.7 ± 3.5 

Zymogen: Proximal 22.5 ± 8.2 50.2 ± 16.1 51.2 ± 20.0 8.8 ± 4.1 
Distal 9.4 ± 8.4 21.0 ± 14.0 61.5 ± 13.1 6.5 ± 10.1 
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From the graph an indication of the sequence of peaks of radio­

activity in the various components can be obtained. The peak of 

radioacti vi ty concentration is first reached by the ergastoplasZl 

at 10 and 30 minutes after the injection followed by the proximal 

zymogen granules at 30 winutes and 4 hours, followed by the distal 

z~nogen granules at 4 hours. After 36 hours, the radioactive 

concentrations in all three components fall to almost equally lol'l 

levels. 

Total Radioactivitx 

Due to the misleadingly low concentration of radioactivity 

shown in the ergastopla.sm, it \vas thought that a more representa­

tional way of express:i..ng the results \vould be to obtain the total 

content of radioactivity in the entire volume of each of the three 

acinar c:ytoplasmic components. By assu .... mne that an acinus is a 

spherical stn1cture, the volume of each region was calculated from 

its area in the section, which lv-as obtained from the vv-eight of the 

paper cut-outs (see Hethods). Thus, in a sphere, the outer portion, 

corresponding to the ergastoplasm, occupies a considerably larger 

volThue than the inner sphere, which corresponds to the distal 

83. 

zymogen granules. From the value obtained for the ergastoplasm, a 

calculated average volmne, accounting for tne nuclei in this region, 

was subtracted. The ratio of ergastoplasm to distal zymogen granules 

by volume ~vas founci to be 21:1. The volume of the prox5n.al zymogen 

granule re[;ion is about 3.2 times smaller than that of the ergasto-
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plasm. From the grain counts per unit area, it 1~s then 

possible to calcul·_t te t:1e total radioactiv1ty in each region. 

This was plot ted against the tiEle a ft er injection and the re­

sults are sho-vm in Fiz. 11. The graphs clearly indicate tr.at 

t~e maximwn amount of radioacti vi ty a ppears LY} the ergastoplasm 

at 10 and 30 minutes. This is follo1:·red by a peak, some1.vhat 

lmver than the ergastoplasm in the proJd.mal z;ymogen granule 

region. The distal zymogen gra1 ule region increases grac.lually 

with time to a peak at 4 hours, -vrhich is v-rell below that of the 

ergastoplasm or proximal zymogen granule regions. The reason 

for this lo-vr value may be the fact tha t labelled. proteins, in 

the form of zymogen granules, are continuously lost from this 

region. In evidence for this may be cited the occurance of 

moderately labelled rœ.terial in the lumen of the excretory ducts 

as early as JO minutes after injection, and of very strongly 

labelled ~terial at 4 hours (Figs.8 and-9). 

Nuclei 

Host nuclei show some degree of labelling at 10 minutes 

after the injection. The grains are =rainly localized over chrorn-

3.tin substance, "lfrith ver.t few reactions over the nucleoli. 

The grain concentr~:1.tion per nucleus, expressed per 100 p.2 

represcnts the averages of 320 nuclei. 

The results, expressed as the concentration of silver grains 

per lOO )12 of nuclei, are as follows: 
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-------------------·----
Time after injection 

---------·--·--- ----------------------· 
10 min 30 min 4 hrs 36 hrs 

-----.. ----------· 
Nwnber of grains per lOO }12 15.3 10.3 

The degree of labelling increa.ses over all nuclei up to 

30 minutes, then decreases with time. Ho~vever, no clear-cut 

pattern of distribution or migration could be distinguished. 

Glyci~e an~- Eethionine-H
3 

The radioautographic experiments with glycine and methio­

nine tend to support and ex.tend, as far as the very early time 

intervals are concerned, the findine;s of the leucine exper:L~ent. 

No radical differences were noted betHeen the rates of protein 

synthe sis and secretion in the t1vo species. Thus, the results 

with nuee can be comrared to those obtained with rats. 

C;vtoplasm 

Qualitative observations of both glycine and wethionine 

radioautographs show that most silver grains at 5 minutes are 

located over the ergastoplasm of the acini (Figs.l2 and 13). The 

zymogen granules sh~v only rare and scattered grajns. 

At 15 nûnutes, the i~ltensi ty of reaction over the ergasto-

86. 
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PLATE 7 

~d~~a~_tog~~phic 1~ca1i~a~io~ of r,lycine and methionine­
!-_ lD 0he ,_;c_:l,ncreatJ_c aclnl OJ.. the mouse (:;{ l3C{, 21 day 
exposure, Î-i é: E staining). 

Fig. 12 Glycine 
Fig. 13 Lethion.ine. 

Acini 5 Dinutes after injection. 

At this early t in:e int erval the reactions are 1ocalized 
mainly over the ergasto J~,é-~~Ll, u:L th :c-are an ci scat te red 
reactions over the zyïJ.ogen cranu1es. 

No differe~1ce in the intensity of the nuclear reaction 
can be secn 1d th either amino ac id. Tl'lo nue lei in the 
central acinus of Fig. 13 (nethionine) shov.r clear nucleo­
lar reactions. 

Fig. 1L;. Glycine 
Fi:-~. 15 LethionLne 

Acini JC 1~ùnutes after inject=~on. 

The most intense reactior. is locali:~ed. over tb.e pro.x:i1J.al 
z;tn·21[:_';Cl1 .=ranule 1 ... esion. The :;rains forrn more or less clis­
cret•8 clusters ~..;-}-j_ch are particv_l-3.j ... 1~r èistinct in Fig. 14, 
11here t:1ey are clearly se2.n to be supranucle.s.r in position. 
The grain accumulations in the t-vro cells to the right lie 
b etv.reen th•:') nucleus and the l'lt eral cell :T.i.eLibrs.nes, presur~l­

o.bly in rel2.tion to an intercellular canaliculus. 
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plasm increases and an acc~~ulation of grains is observed in the 

pro:-cimal zymogen granules, ve!"J close to the ergastoplas~:l. Cnly 

scattered grains are seen over the distal z~~ogen granules. 

Thirty minutes after the injection (Figs .14 and 15), the 

ergastoplasm renillins strongly labelled, the proxinal z~~ogen 

granules are very strongly labelled and more grains are seen 

over the distal z:y:nogen granules. In c onfir:na tion of the pic ture 

seen with leucine-rP at this time interval, the graL ns over the 

proximal zymogen granule region give the appeara.r1ce of clusters 

located in a superanuclear position. In ad:~.ition, as vrl.th leucine, 

radioactive waterial is present within the lumen of the pancreatic 

duots. 

Thus, at the 30 minute time interval, both rats and mice 

sho\v a similar distribution of radioactive labelled substance, 

regardless of the amino acid used. 

~u~ntitative Results 

Twelve acini were selected and dra\m from each of the 5 

anLmls in the glycine eJcperi111ent. For the Ire thionine experiment, 

6 dramngs v-;ere r.Jade from each of the 6 anirna.ls. The results of 

t~e two experi:rnents are, therefore, based on the averages of 96 

dra\-Tings. 

GrailL_Çounts 

88. 

Since only two a.."l:imals \'lere used per group in these experiments 

the results of the grain counts for each animal are shovm in Tables 

6 and 7 • The grain counts show a sim.ilar behaviour for the t\'lO 



TABLE 6 

AVERAGE N'ŒviBER OF SILVER GRAINS OVER EACH CYTOPLASMIC ACINAR COMPONENT 

AFTER INTRAPERITONEAL INJECTION OF GLYCINE-H3 

Minutes after injection 

-
5 15 30 

Dose (per gm body wt) 3.5 \J.C 5 \J.C 1 3.5 IJ.C 5 \J.C 3.5 \J.C 

Ergastoplasm: Proximal 33 28 39 38 51 
Distal 23 21 36 27 41 

Zymogen: Proximal 25 25 54 37 87 
Distal 3 5 7 5 27 

·-
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TABLE 7 

AVERAGE NUMBER OF SILVER GRAINS OVER EACH CYTOPLAENIC ACil~AR COMPONENT 

AFTER INTRAPERITONEAL INJECTION OF METHIONINE-H3 

- -
Minutes after injection 

5 15 30 

Do se ( per gm body wt ) 5 \..LC 5 IJ.C 5 ~c 5 ~c 5 ~c 1 5 \..LC 

Ergastoplasm: Proximal 21 16 47 32 42 63 
Distal 12 9 33 26 36 42 

Zymogen: Proximal 

1~ 17 46 39 95 77 
Distal 

1 
2 14 6 34 16 

- -
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amino acids. 

SL"llilar to the result.s with leucine, the proximal and 

distal portions of the ergastoplasm a re about equally labelled 

at a 11 time intervals. The intensi ty of the reaction increases 

over bath regions up to 30 rninutes. 

The proximal z.y.mogen granule region is somewhat less label­

led than the ergastoplasm at 5 :m.irn~tes after injection. The 

reaction increases with that of the ergastoplasm up to 15 minutes, 

at which time it is slightly higher, but becQnesthe most strongly 

labelled area at 30 minutes. 

The reaction over the distal zymogen granule region is ve~r 

light at 5 minutes, increases slightly at 15 minutes and reaches 

a slightly lower degree of l.abelling then the correspond.ing 

ersastoplasm at 30 minutes. 

The grain concentrations are expressed as the nurnber of grains 

per 100 ~2 area of component. The graphs of these results were 

plotted using the number of grains per \·.reight of pa.per; although 

the values are not as meaningful as when expressed per unit area, 

the shapes of the curves plotted with either figures are the same 

in that the one figure is obtained by multiplying the other by a 

constant factor. 

'rhe results for bath amino acids, Tables 8 and 9, indicate 

that the proximal and distal portions of the ergastoplasm are 

equally labelled at all time intervals. (The results shorm in 

Table 9 represent. the average of the two animals at each t:llne 
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TABLE 8 

AVEHAGE CONCENTHATION OF SILVER GRAINS PER lOO \.12 OF ~CH CYTOPLASHIC ACINAH 

CŒ-IPONENT APrZB- Il.JTHAPEIUTOHEAL INJECTION OF GLYCINE-H3 IN 1>1ICE 

A einar component IJiinutes after injection 

5 15 30 

3.5 ~Je 5 p,c 3.5 ~Le 5 ~le 3.5 \-LC 

Ergastoplaso:1 : Proximal 21.6 ± 9.3 19.1 ± 8.9 26.3 ± 9.3 24.7 ± 8.6 28.4 ± ll.6 
Distal 18.3 ± 9.4 20.0 ± 7.6 28.6 ± 9.7 25.3 ± 12.1 31.8 ± 15.5 

Z;ymogen: Proximal 14.5 ± 6.8 16.6 ± 6.3 31.9 ± 9.7 26.1 ± 10.1 51+.8 ± 24.0 
Distal 8.1 ± 10.1 7.1 ± 7.4 11.6 ± 4.8 10.0 ± 8.2 44.2 ± 30.6 
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TABLE 9 

.AYff:::O..AGE CONCENTHATlON OF SILVEH G1èA~NS fER 100 t+2 OF ZACH CYTCPLASEIC 

ACII~AR CŒ~PONENT AFTER INTl1APEHITOIJEAL IHJ::~CTION OF r·'1ErHIONINE-H3 IN lv1ICE 

A einar component Ninutes after injection 

5 15 30 
.. 

Ergastoplasm: Proxi:rl8.1 14.7 ± 3.7 28.6 ± 12.7 44.3 ± 13.6 
Distal 10.8 ± 5.6 30.7 ± 11.7 47.9 ± 7.7 

Zymogen: Proximal 12.4 ± 3.2 34.9 ± 8.2 61.9 ± 14.9 
Distal 3.9 ± 2.9 17.0 ± 16.1 46.3 ± 18.0 

-



interval, all anir:Jals baving received similar doses of 

methionine-H~) The whole ergastopJas~ is, therefore, considered 

as a single entity. Further.:::.ore, the number of grains over all 

components tends to increase with time, but the rate of increase 

is gren.test for the distal zymogen granules. 

Graphical represontations of the grain concentrations, 

Figures 16 and 17 , rrade fror:" the combined values for the entire 

ergastoplasm the proY...imal and distal z:v.mogen granule regions show 

a definite trend, particularly for glycine; at 5 minutes, the 

highest concentration of radioactivity is in the ergastoplasm and 

at 15 minutes and la ter, in the zyrnogen granules. 

Nuclei 

A ps.ttem, essentia1ly similar to that seen \ath leucine, is 

also found for the nuclei of the acinar cells of the mouse with 

both glycine and nethionine. 

The grain concentration per lOO p? area of nucleus in both 

the glycine and methionine series, representing the averages of 

260 nuclei, is low and very variable. Table 10 shows the average 

grain concentration per lOO p.2 of nucleus for ea.ch animal wi th both 

amino ac ids. 
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TABLE 10 

A7ERAGE CONCEl'JTHATIOIJ OF SILVR.f:t GRAIHS P:SR lOO ~2 OF NUCLEI A:F"TElt INTHAP~TONEAL 

I:~JECTION OF H3 AHINO ACIDS 

(Each animl reccived 5 IJ.C per gram of body v1eight, cxcept those marked vdth an 
asterisk, 1vJhich recei ved 3.5 ~le per gra.'TI of body lrei8ht) 

--·----
IIinutes after injection 

5 15 30 

Glycine 11.7 ± 4.2 11.5 ± 8.3 18.3 ± 9.7 _112.3 ± 7.9 25.9 ± 11.9 

!Jlethionine lh.7 ± 11.3 8.8 ± 6.7 32.8 ± 28.3 14.35 ± 10.1 34 .• 4 ± 17.6 29.4 ± 13.4 
- -
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DISCUSSION 

Hetabolic Fa te of the Amino Ac ids 

As pointed out previously, bioche~~cal investigations have led 

to the idea that the three amino aciàs selected for this study 

each have a different pathvlay of metabolism. Hm·rever, the exper­

iraents devised for this purpose with isotope-lë.belled amino acids 

vmre specifically desiened to yield an a:nount of labelled product 

large enough for cheraical analysis and identification of metabolites; 

thus in most instances, the amounts of precursor which were used 

"t'rere far in excess of tracer concentrations. Hence, even sorne of 

the most widely a.ccepted concepts concerning the metabolic pa.thway 

of amino acids may not apply under physiological conditions. There­

fore, in the following brief description of the metabolism of leu­

cine, glycine and methionine, it must be borne in mind tha.t most of 

the studies concerned did not conform to tracer requirements. 

Leucine 

Initially, transamination of leucine yields the corresponding 

o{ -keto acid, which is then decarboxylated with the formation of 

the acyl CoA derivative, isovaleryl CoA, containing one less carbon 

a.tom (Bloch, 1944; Zabin and Bloct, 1950; Coon, 1950). 

Bloch• s exper:iments (1944) \·rere performed by feeding 

labelled DL-leucine to mice and rats. The mice recei ved, as part 

of their diet, 40 mg;n of leucine per day for a period of 
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8 to 22 da ys, 1ihile the rats ingested 443 mgrn of leucine per day 

for up to 16 days. After isola ting substantia.l quanti ties of 

labelled isovaleric acid, he concluded that this substance is an 

interrnediate in o:r-j_dative breakdm·m of leucine. In addition, 

Bloch found that 1abelled acetic acid 1r.ras formed from the adminis-

tered leucine. 

Zabin and Bloch (1950) incubated 1.5 gms (-vmt weight) of liver 

. h 1 . t . . c 13 14 v.TJ..t 0 mgm of sodium isova1era e contallllng and C • After 

incubating for 3 hours at 37° C they were able to extract labelled 

ketone bodies fror.1 the li ver tiss1..1e, indicating that isovaleric 

a cid is an interrnedia te in the formation of ketone bodies. 

Coon (1950) incubated 2.5 gm.s (t·ret vreight) of rat liver slices 

1,Tith 2.0 mgrn of c14 labelled sodium isovalerate. The incubation 

was carried out at 38° C for 4 hours. Vlhen carboxy1-1abe1led iso-

va1erate vias used, the recovery of radioactivi ty in the extracted 

acetoacetic acid was 32%. With {j -labelled isovalerate a recovery 

of LJ+;~ -vm.s obtained in the extracted acetoacetic ac id. Thus, it 

was confirmed tmt isovaleric acid is an intermediate in the break-

down of leucine, and that leucine eventually ri se to ketone 

bodies. 

The acy1 CoA derivative formed from the isovaleric acid, is then 

degraded via pathways of fatty acid oxidation, allovdng for the 

conversion of labelled leucine into labelled lipids. 

Judging from the large qu~~tity of the labelled precursors used, 

and the srr~ll amount of label which the proàucts in question incor-

porated, it seerns likely that these intermediate metabolites are 
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not formed to any significant extent under physiological conditions. 

However, assuming that sorne of the leucine did follow this pathway 

-vd.th the physiological doses used in the experiments described in 

this thesis (0.012 mgm of leucine to a rat of 125 grams), then these 

small molecular v·might metabolites would in all probability be vm.sh-

ed out of the sections, and therefore, not account for any labelling. 

Glycine 

The metabolism of glycine is much more complex than that of leucine. 

In the course of its breakdown, glycine enters many diverse reactions 

vmich may give rise in addition to proteins, to a nwiber of compounds. 

Glycine enters the synthesis of the polypeptide glutathionine as one 

of its three amine acid residues. It is also involved in the syn­

thesis of creatine and hippuric acid. 

Shemin and Rittenberg (1945) first demonstrated that the glycine 

nitrogen is incorporated into the pyrrole rings of protoporphyrins. 

Their experiments were performed in a human subject and confirmed 

with rats. In the human experiment, one of the authors ate 66 gms 

of glycine-N15 over a period of 3 days, and protoporphyrins were 

isolated from blood sarnples v.rithdrawn at various time interva.ls after 

the feeding period. 

Altman et al (1948) shovred that the methylene carbon atom is also 

incorporated into protoporphyrins. Altman et al fed rats 1 ~c per 

lOO ems of body weight of glycine-c14 labelled the methylene group. 

They found that after 1 day feeding, 0.49% of the dose was present 
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in the hernin part of hemoglobin, and 1.425b of the dose 1>-ras in the 

globin part. The total amount of the fed dose which \\laS incorpor­

ated into hemoglobin wJ.s l.S3%, and generally about 0.5% of the 

total dose of c14 administered \\laS incorporated into hernin. 

It is ob vi ous tha t su ch a srnall fraction of radioacti vi ty, if 

present hernin, will not influence the radioautographic results. 

The forrration of c:;\ -amino (3 -ketoadipic a cid, an intermediate 

in the synthesis of protoporphyrins fonns one mechanism for the 

catabolism of glycine to C02. Glycine degradation to C02 may also 

occur via glycoxylic acid formation, and the formation of serine, 

which may be converted to pyruvate, providing a glycogenic pathway 

for glycine metabolism. Via this path'\-Iay, the methylene carbon 

atom of glycine may, in part, be used for acetyl CoA forwation. 

In addition, Heinrich et al (1949) have shown, by feeding car­

boxyl-labelled glycine to rats for a ten day period, that the 

carboxy1 carbon atos of glycine is incorporated into the purines of 

nuc1eic acids. 

Reichard (1949) 1vorking on the incorporation of glycine-l\115 into 

the nucleic acids, used the L~testine of normal and the regenerating 

1iver of rartial1y hepatectomized rats. Two subcutaneous injections 

of 50 mgrn of glycine-N15 per lOO gms of body \veight were gi ven 6 

hours apart; 6 hours after the last injection, the anima1s viere killed 

and the organs homogenized. Sufficient quantities of N15 1abe1led 

purines vtere iso1ated from the cytoplasm of these tissues to demon­

strate the uptake of glycine nitrogen into the purines of rat nucleic 

ac id. 
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It is known that glycine enters the biosynthesis of purine bases 

via the formation of glycinamide ribotide. 

The use of tracer doses of gl:ycine-H3 probably results in labell­

ing only a winute quantity of the above compounds. However, the 

only compounds of concern in radioautographic studies with glycine 

are nucleic acids, and particularly proteins. 

Ivrethionine 

Nethionine 121etabolism, via demethylation and transmethylation, 

presumably gives rise to one carbon methyl fragment. 

DuVigneaud et al (1941) hypothesized that the methyl group of 

methionine behaves differently from the rest of the methionine mole­

cule. Thus, the loss of the methyl group fron most of the methionine 

molecules would leave a sulfur-bearing moiety which ma.y be incorpor­

ated into several con:pounè_s including cysteine. Hence, the distri­

bution of s35-methionine v/Ould then indicate the location of sulfur 

containing metabolites. H011ever, Karpishka and Carneiro (1960) 

compared the radioautographic distribution of methionines labelled 

with s35' c14 and rr3 and founcl no difference in the localization of 

the three isotopes. 

They e}..""Plained their discrepancies with DuVigneaud' s work on the 

basis that the latter may have injected unphysiological doses of 

methionine. The doses used by Karpishka and Carneiro 1vere thought 

to be too small for significant demethylation to occur. They, thus 

concluded that in tracer proportions the methionine molecule may 
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act as an entity rather than be degraded into two separate units. 

The forma.tion of cysteine from ho:nocysteine forms another major 

metabolic pathway (Brinkley and DuVigneaud, 1942). The o<. -keto-

butyrate formed in methionine metabolisin (Carroll et al, 1949) is 

transformed to proprionate by enzyme systerns in brain (Long and 

Peters, 1939) and liver. Proprionate converted to glycogen 

(Kisliuk et al, 1956) by way of succinate, which gives pyruvic acid 

by operation of the tricarboxylic a cid cycle. 

Kisliuk et al (1956) found that the administration of nethionine 

labelled with c14 at twc positions on the molecule, resulted in the 

forn1ation of labelled glycogen. It was found that a subcuta...11eous 

injection of methionine-2-c14, with a specifie activity of 1.09 x 

107 cp~mgm of carbon, yielded after 4 hours, labelled glucose with 

a specifie activity of 2.9 x 103 cpm/m§ïll of carbon. l'hus, they 

could account for only 0.026% of the injected dose in glucose. 

There is evidence to suggest tha t some of the methionine vrhich 

enters the proteins nay have first been converted to cystine (Tarver 

and Schmidt, 1939; Forker et al, 1951). 

Conclusion ----M.-...>-
It has been pointed out by Siri (1949) that in sorne biological 

syste:ns, the addition of labelled substances in excess of the normal 

amounts present lead to processes that are not characteristic of 

the normal syste..111. In most of the e xperiments described in the 

above section, tracer requirements as defined on page 6 were not ful-

filled. Therefore, the se expcriments bave proven the existance of the 

metabolic 
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pathways, but in most instances the re has been no attetupt to 

deterlTd.ne the proportion of the ~mno acids which would follow 

the se r:ath-v.rA.y·s under physiologica.l conditions. ~fuat is clear, 

however, is that follovling the injection of tracer concentrations 

of label led leucine, glycine and me thion ~~ne, the radioautographic 

distribL:tion obtained from all three, particularly in the pancreas, 

is eY..actly the sane. Since all three amino ac ids can be incorpor-

ated into proteins, it must be con.cluded that most of the ~1lino 

acid molecules incorporated into the compounds which remain in the 

histological sections ai·e present in the prote:i.ns, with the poss-

ibility of sorne incorporation into nucleic acids, especially in the 

case of glycine. 

Horeover, as pointed out previously, even if these Letabolites 

were forrœd, they would not be prese~t in histological sections. 

However, in vie11 of the fact that these alternate r.nth'l:vays do exist, 

it v-Tas esscmtial to determine which biochemica.l fractions, of those 

present in the histological sections, contain the most ra.dioactivity. 

The Nat~r~~-t~~~erial Studied 
-·:::::-- -···- -... -..... ~ .... ~-.::::."' .... _, ___ -~ ............ .....::~-.-~, ... .:~ 

Introduction 

Sin ce i t is knmvn tha t pro teins are campos ed of ami no a cids linked 

together by peptide bonds, it is reasonably to assLL11le that labelled 

amino ac ids gi ven to an animal will be incorporated into the proteins 
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being synthesized at that time. However, it is also known that 

amino ac ids w.ay be metabolized in various 1trays 'vhi ch may event-

ually yield glycogenic or keto.;enic compounds, as ·v1ell as nue leie 

acids. A further possibility is tP~t the labelled a~ino acid, or 

just the label : itself, may be adeorbed onto proteins by physico-

che:d.cal bcnds, snch as ionie ( ,, 1. ,liOaln, 1960). It is also 

knmAJn tha t the histolo~~ical procedure renders the tiss-,;.es free of 

most SI;"B.ll molecu:1n.r v.feight compounds, 1t1hich include the free label-

led aJnino acids. Therefore, the raè.ioactivity visualized radio-

autogra1'")hy must origin::.te frmn the large wolecular wei compounds 

'~ilhich constitute the histological section. To test the assumption 

that a labelled ~TQno acid, when administered to an animal, is 

incorporated into, and is therefore, capable of actL">l.g as a fairly 

specifie tracer of the proteins being synthesized, the radiœ.ctivity 

of the proteins, nucleic acids and lipid fractions of various tissues 

from rnice injected with leucine-c14 were compared. 

Lipid Fra._2_~ion 

As stated in the results, the lipid fraction abtained from the 

histological sections contained no radioactivity. The results of an 

experiment designed to determine the loss of radioactivity incurred 

at each step in the histological procedure, contributed considerable 

data on the question of lipid extraction from histological sections. 

In this experiment (forthcoming publication), 4 adult male mice 

recei ved a single intraperi toneal injection of 1 pc per gram of 
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b d . ht f L 1 . ~14 Th . l · · o y \telg o - eucL'1e-v • e an::_.ma s v.rere sacr1f1ced in 

pairs at 30 minutes and 24 l:1ours, and the pancreas, liver, kidney 

and brain 1r1ere pronptly reraoved anü fresh aliquots were vmighed 

and fixed in bouin's fluid. 

The radioactivit~r lost at the various steps of the histological 

procedure was determined with a Geiger-HUller tube as described 

on page 48. 

The results (Table 11) show that in the pancreas of the ani1Jals 

killed 30 minutes after injection, fixation in Bouin's fluid for 

48 hours, and storage in 70/{, ethanol for 7 da ys, candi ti ons to 

which all the tissues in the radioautographic experiments were 

subject, removed about 10% of the total raclioa.ctivity originally 

present in the fresh tissue. Subsequent treatment of the pancreas, 

in preparation for paraffin embedding, vdth dioxane, paraffin and 

toluene, all of which are lipid solvents, removed only about 0.1% 

of the total radioactivity. It is, therefore, apparent that even 

before treatment with known lipid solvents, much lipid soluble 

naterial has already been removed, presurnably in 70% ethanol (which 

is also a lipid solvent). S~nilar res~lts were obtained from the 

pancreas of the an~nals killed 24 hours after injection. 

In the light of the above, it is not surprising that no radio-

acti vit y was found in the lipid fraction e),.'tracted from processed 

histological sections. Thus, it is certain tha t the raè.ioacti vi ty 

seen in histological sections ca.nJ1ot be attributed to lipids. 



TABLE 11 

FRACTIONATION OF THE TOTAL HADIOACTIVITY FHOM THE 

PAITCHZAS OF LEUCil'JE-Cl4 IHJECTED HICE 

Steps with Bouin. 1 s fixation 30 min. after 
injection 

% 1ost in each of the 
fo1lowing: 

Bouin 1 s f1uid 
3thano1 ( 70~G) 
Dioxa.ne 
Paraffin 
To1uene 
Et:;ano1 (graded series) 
Hot ':rater ( used to s pre ad 

paraffin sections 

Extraction of tissue 
sectlons 

% retained 

Co1d TCA soluble 
Hot TCA soluble 
Ether soluble 
NaOH soluble 
Protei..r1 residue 

B.e 
1.6 
0.5 
o.o 
o.o 
0.1 
2.1 

0.5 
3.9 
o.o 
4.7 

77.7 

24 hrs after 
injection 

2.1 
12.2 
0.9 
o.o 
o.o 
0.2 
0.2 

0.5 
3.8 
0.1 
1.7 

78.2 
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Nue leie __ Aci_d Fraction 

Schneider 1s method (1945) for the quantitative removal of 

nue leie acids (Dl>JA and RNA) was employed in the preser1t study. 

Kaufrnann (1950), working on onion root tips, and Davidson et al 

(1950), on bone narrow smears, bave shovm that extraction by this 

method leaves behind a protein component of the nucleus which can 

be demonstrated by its increased affinity for acid dyes. 
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The results obtained from the nucleic acid fraction of this 

study, shovl that less than 5~6 of the total radioactivity recovered 

from the histological sections is found in this fraction. 

In addition, radioactive sections from the le-,lCine-H3 expe r-

iments were extracted by Schneider 1 s method and radioautographed; 

quantitatively the results of counts over the Purkinje cell 

nucleus, divided into chromatin and nucleolus, shov.red no statisti-

cally significant difference betl·men the extracted and control 

sedtions (Leblond and Amano, in press). Observations on the nuc­

leus and ergastoplas:J of the pancreatic acinar cells revealed no 

qualitative difference between the control and treated sections. 

Thus, it is concJndèd that with leucine-c14 only a small fraction 

of the total radioactivity is recovered in the nucleic acid frac­

tion. However, even the srnall amount of radioacti vity which was 

removed, may not consist of nucleic acids, since the possibility 

that the nucleic acid fraction nay be contaminated by a smal1 

amount of protein has to be considered. Lepage and Heide1berger 

(1951) using the method suggested by Schneider (1946) of combining 
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the original method of Schneider (1945) with that of Sch:1lidt 

and Tannhauser (1945), found that the Di\A solution thus obtained 

contains approxi.Iœ.tely 8% pro teins. 

In this connection, it is to note that glycine-H3, 

the only amino acid in this study known to be a precursor of nucleic 

ac ids, shovJ"s a lower radi oautographic grain concentration over the 

nue lei than was obtained with methionine-H3 (Table 10). The problem 

of glycine incorporation into proteins and nucleic acids, is dis­

cussed below under Protein Fraction. 

Protein Fraction 

~·lith leucine-c14 in nuee, from 90 to 97% of the total radio­

activity in various tissues (Table 3) was recovered in the protein 

residue. It is, therefore, concluded that most of the radioauto­

graphic reactions origina.te from labelled proteins in the histolog­

ical section. 

Concer.ning the incorporation of glycine into proteins and nucleic 

acids, Lepage and Heide1berger (1951) adm~_nistered 1.0 mgm of glycine-

2-c14 by stomach tube, and found that 12 hours after the feeding, 

56% of the radioactivity contained in the proteins and nucleic acids 

of normal rat liver was in the protein fraction (based on the average 

of two mature female rats). In all the animals studied, the incor­

poration of glycine into protcins was generally greater than into 

the nucleic acids. 

Coleman and Ashwort~ (1959), studied the incorporation of glycine-
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1-c14, using a dosage of 1 )lC per 10 grams of body weight, into 

proteins and nucleic acids of normal and distrophic rats. E..xtract­

ing the nucleic acids by Schneider 1 s method (1945) and the proteins 

1.vith TCA, they found that from 1 to 6 hours after the injection of 

glycine-c11+ the highest percenta.ge of radiœctivity obtained from 

adult rat liver was in the protein residue; the activity in the 

proteins as a pere en tage of the radioactivity from the proteins 

plus nucleic acid fractions changed from 69~b at one hour to 50% at 

6 hours. 

To explain the apparent discrepency between the results of the 

ab ove mentioned au thors, and the results shov-m in Table 3, i t must 

be borne in mind that the value of more than 90% in the protein res­

idue, representa the percentage of the total radioactivity obtained 

from the histologically processed tissue sections. The resu:j..ts of 

Lepage and Heidelberger, and Coleman and Ashworth, represent the 

percentage of the total radioacti vity of only the protein and nucleic 

acid fractions. Furti1er:~1ore, the experiments were perfom..ed with 

fresh tissue aliquots, in contrast to the processecl l:.istological 

sections used in this stuè.y; therefore, the results obtaineci by the 

above authors, and those presented in Table 3 cannat be compared. 

The results of the radioautographic study shows no difference 

betvTeen glycine and methionine concerning the :p3.ttem of incorporation 

into nuclei and ergastoplasm, the only areas known to contain nucleic 

acids in significant proportions. Hence, it appears that glycine was 

not appreciably incorporated into the nucleic acids of both regions. 
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Conclusion 

It is therefore concluded that with amino acids such as leucine 

and methionine, the grea test proportion of the raàioacti vi ty orig­

inates from pro teins; a small quantity originating from the nucleic 

acids. ~1ith glycine, the amount of radiœctivity in the nucleic 

acids may be higher, but nevert!leless \vas not sufficiently high to 

cause a detectable difference in the radioautographic pict1~e. 

The Nature of the Binding of Labelled Amino Ac~ds to Proteins 

Introduction 

When a labelled amino acid, such as leucine, is injected into an 

anirnal, about 90 to 97% of the resultant radioacti vit y s een in histo­

logical sections by radioautography can be attributed to proteins. 

However, this does not necessarily prove that the amino acids are 

acting as tracers of newly formed proteins. Several possibilities, 

other than the utilization in protein synthesis, exist regarding 

the process of the uptake of label led amino acids. Two explanations, 

alternate to de novo synthesis of proteins are as follows: 

1) Exchange of labelled for unlabel~ed amino acid residues of pre­

existant prote:L'1 molecules. 

2) Adsorption of labelled amino acids to protein molecules by bonds 

other than peptide linkage. 

Although these alternatives do not constitute the only explanation, 

they are the most frequently used . arguuents claiming that amino acid 
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incorporation does not necessarily involve a synthesis of new 

proteins. 

The Phenomenon of Exchange 

The following quotation from the discussion of SchoenheL~er 

et al (1939) on the dynamic rather than static state of the tissue 

proteins, outlines the basis for the exchange of amine acid resi-

dues. 

"It has been shown that nitrogenous groupings of tissue 
proteins are constantly involved in chemical reactions; 
peptide linkages open, the amine acids liberated mix 
1\Ji.th ethers of the same species of whatever source, diet 
or tissue. This mL--dure of amine acid molecules, while 
in the îree state: takes part ~n a variety of cheilùcal 
reactions; some reenter directly into vacant positions 
left open by the rupture of peptide linkages; 11 

The evidence upon which this is based stemmed from feeding rats 

a diet which contained deuteriwn labelled leucine. The interpre-

tatien of the results indicated that at least 24% of the leucine 

originally present in the proteins of the li ver had been r eplaced 

by dieta~ leucine, and that at least 32% of the carbon chain of 

the isotope was introduced as leucine into the proteins of the 

animals. 

The postula ted mecha."lism whereby the replacement of amine acids 

occurs requires the removal of an amine acid from the protein link-

age prior to the introduction of a new identical molecule. Thus, 

the reaction would proceed in two steps; stage one involves opening 

of the peptide li.nkage for liberation of the molecule, and stage two, 

involves the introcmction of a similar species of amino acid, with 



the closing of the peptide bond. In addition, Schoenheimer et al 

(1939) suggest two general reactions 1~ich rr~y lead to amino acid 

replacement. One is the complete breakdown of prote:ins into its 

uni ts, follo-v;ed by resynthesis, the other in volves a partial re­

placement of lmits. 

The striking lack of a third postula ted mechanism, namely de 

novo synthesis of proteins, is vrorthy of particular notice. 
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Gale and Folkes (1955), on the basis of the experimental resulta 

to be described below, concluded that the incorporation of amino 

acids is not an indication of protein synthesis. The experiment 

consisted of incubating disrupted staphyloccus cells with a single 

labelled amino acid in the presence of chlora.mphenicol, a substance 

J:,nown to completely inhibit protein synthe sis. They found no net 

increase in protein, but the label v-ras incorporated for at least 

two hours. Since the incorporation of one amino acid is known to 

be more resistant to crùor~~phenicol than total protein synthesis, 

they concluded that the incorporation of amino acids does not in­

dicate a synthesis of proteins. They suggested that an exchange ·occurs 

between labelled molecules and corresponding unlabelled residues in 

the proteins, but attempts to prove this exr:e rir.r..entally on intact 

cells have been unsuccessful. 

However, in contrast to the resnlts described above, Nandelstam 

and Rogers (1958) found th9.t in intact Escherichia coli, incorpor­

ation of glycine and leucine is totally stopped by chlor~~phenicol. 

This was also found in Bacillus~r~ with methionine and leucine. 

In addition, it was found that staphylococcus is resistant to 
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chloramphenicol in the case of amino acids found as constituents 

of its cell wall. Thus, it is possible that single amino acids, 

such as glycine or glut~~ic acid, are incorporated into synthesis 

of cell w&l, which in staphylococcus consists of glycine, alanine, 

glutamic acid, lysine, serine and two amine sugars. 

Their results on intact staphylococcus show the following: 

Counts/J.ûn. at infinJ:t-9 thiclr~~ 

Amino Acid Cell wall Prote in Cell 1-Tall % Increase 
+ protein in cell wall 

Glycine 145 3 662 85 

DL-Glutam- 17 3 65 33 
ic acid 

L-Lysine 16 2 61 30 
----------- _" _____ 

From the above results, they concluded that cell wall synt~esis 

occurs in the presence of chloramphenicol, and that this accounts 

for the incorporation, as seen by Gale and Folkes, of amino acids 

into the so-called prctein fraction, which includes the cell wall. 

To test whether the incorporation into the cell wall involved an 

actual synthe sis or 1.1as me rely an exchange, the percentage inc rease 

in the cell wall was comp9.red to the expected increase, with the 

conclusion that the incorporation definitely reflected a synthesis 

of cell wall. 

The experimental data of l·Iandelstam and Rogers (1958) tend to 

disprove Gale and Folkes 1 (1955) experimentally based postulate of 



exchange of residues as a principle mechanism of amino acid 

incorporation; however, the phenomenon of exchange, as theorized 

by Schoenheliner et al (1939) deserves further consideration. 

AssllJiring that exchange constitutes the main mechani.sn1 of amino 

acid incorpo~ation, then this, by virtue of the fact that there 

114. 

is no knovm control system, is subject to the laws of chance, in 

that one residue has as much chance of exchanging as another res­

idue, the other conditions remainin.g const'Lnt. Thus, if a random 

em:change were the only explanation, no reproducible 303- ttern of 

distribution of radioactive molecules \iould be expected. However, 

the entire section of pancreas from every animal in the radioauto­

graphic experiments, wit!"l each amino acid used, showed a completely 

reproducible, clearly defined distribution of radioactivity charac­

teristic of each time interval. 

It is therefore concluded that if the exchange phenomenon does 

occur when tracer dosages are used, it does so to such a small 

extent that it may be neglected from consideration. 

Adsorption of -~belled Amino Acids ~o_p_t::!. Pr:o_i::~i.r:_ Nol,ecules 

The re is some evidence to show that when indi vidual amino ac ids 

are incubated in simple amino acid-protein systems; binding of amino 

acids to the protein molecule results. 

Levin et al (1956) incubated fresh human serum proteins with 

differing amounts of methionine-s35 under conditions which 6..t"'Cclude 

the possibility of protein synthesis. They found that one to five 

percent of the s35 was carried with the proteins after TCA precip-
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itation. From this, they concluded that some degree of adsorption 

of methionine to proteins could occur. 

Recently, Godin (1960) reported evidence showing that the free 

amino groups and the free carboxyl groups of a protein molecule are 

partly responsible for this binding. The amine acids would then 

act as anions or cations capable of ionie bonding to the ionized, 

free amino or carbOÂJfl groups of the protein, as shown below; 

Anion Cation 

NH2 0 0 H 
1 Il Il 

- + 
R - c - c - 0 R- C - c - NH3 

t t 
H + H o-

i3 c = 0 

1 

Arginine Glutam:ic a cid 

Protein 

To examine whether or not this phenomenon occurs in radio-

autography, -vrhere tracer doses are used, the protein residue, ob­

tained from the histological sections of' leucine-c14 injected r.ùce, 

was extracted vlith 1 N NaOH ( see E:ethods). The NaOH, being a strong 

base, is capable of replacing ionie bound amino acids from the pro-

teins, thus, liberating the radioactive amino acids bound in this 

way. It was found that the NaOH fraction contained a small quantity 

of radioactivity; this amount, when expressed as a percentage of 

the total radioactivity, indicated that a rnaxi.mum of 5% of the label 

bound to protems is NaOH labile. Approaching the problem from a 
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different direction, the results of a recent experiment (B. Droz, 

personal comrnunic3,tion) tend to confirm the existence of adsorption 

in vitro. In this experiment, non-labelJ..ed sections of various 
0 

tissues were incubated at 37 C for 30 minutes, in a solution of 

1 . ,.,14 euclne-v • The slides were thoroughly washed in water, dried and 

counted under a Geiger Müller tube; the background count, obtained 

over the same slide before treatment, was subtracted. In all cases, 

the radioactivity after incubation ha.d increa.sed markedly from the 

background. However, when these sections were treated with Bouin~s 

fixative, washed in water, dried and recounted, the radioactivity 

was completely removed; the counts again dropping to the backgro~~d 

level. This exper.Lilent clearly indicates that Bouin1 s fixative is 

capable of complet ely removing adsorbed amine a cids from proteins. 

In the case of the in vivo experimente with leucine-c14 the question 

arises as to why the original Bouin~s fixation did not remove the 

adsorbed amino acids. Again, the possibility that the radioactivity 

in the Na.OH fraction is not due entirely to liberated ami.no acids, 

but in part at least to contamination by proteins, must be considered. 

Extracting the protein residue with aL~ali, involved complete dissol-

ution of the proteins. The addition of TCA, to reprecipitate the pro-

teins, and of HC1 ta neutralize the solution added further complications. 

Thus, three possible causes of contandnation exist within the extract-

ion r:1.edium. One, is that the Na.OH itself may cause a partial hydra-

lysis of the protein, thereby liberating a small fraction of proteL'1s 

or polypeptides. 'lne second possiblity is a pélrtial hydrolysis with 

the HCl which was used to neutra.lize the solution. A third, and 
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precipitation from the NaOH medium. 
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Therefore, it is concluded that the amount of radioactivity 

adsorbed by the proteins in vivo probably is nruch le ss than 5;t, and 

that this small amount does not appreciably influence the radioauto­

graphic results. 

General c_onclusion 

Of the several possibilities alternate to de novo synthesis of 

proteins, as an explanation of amino acid incorporation, all were 

found to be inadequate in explaining the occurre.nce of over 90% of 

the total ra.dioactivity in the proteins after labelled amino acid 

injection. On this basis, it is concluded that the labelled ~~no 

acid ~olecules are incorporated into newly synthesized proteins, and 

do in fact for.m specifie tracers of these proteins. The detection 

of the labelling by radi oautography at early time intervals a ft er 

injection allows the cytological sites of synthesis to be localized; 

at later tL~e intervals, the subsequent fate of the proteins can be 

followed at the cytological level. 

Having concluded that the radioactivity originating from the 

tissue sections indicates the location of newly synthesized proteins, 

the nature of the proteins for.med in the pancreas nMst be determined. 
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Although no direct evidence was obtained in this study, the 

circumstantial evidence, together v.rith the results of other studies 

reported in the literature, indicates that a large proportion of 

the proteins synthesized are enz~natic in nature. 

Basically, the proteins synthesized by a cell contribute to two 

1nain functions; the structural elements in the cell, that is, the 

proteins involved in the renewal and rna.intenance of the cellular 

structures; and enzyme production. The latter may be divided into 

cellular enz;~'1nes, in vol ved in the metabolism of the cell, and enz:_ymes 

produced for secretion, as is the case in pancreatic cells, knovm to 

produce enzymes for digestion. 

It is well known that zymogen granules of the pancreas contain, 

as inactive precursors, all the enz:r1nes \'lhich are demonstrated in 

the pane rea tic fluid (Bab kin, 1950). The main enzymes are trypsin, 

chymotrypsin, carboxypeptidase, lipase, amylase and ribonuclease. 

Severa.l of the above 1nentioned enzymes have been iso19.ted and found 

to contain radioactivity after in vivo experiments 1<·1ith labelled 

ar:lino ac ids. Follmving injection of leucine-c14 into t,'Uinea pigs, 

Siekevitz and Palade (1958) have extracted la.belled chymotrysinogen 

and ribonuclease from the micros omal and zymogen granule fractions. 

!•lorris and Dickrnan (1960) have extracted labelled ribonuclease from 

the microsomes and zymogen granule fraction of mouse pancreas after 

va1ine-cl4 injection. 

In addition to these, incorporation of amino acids in vivo have 

been used to deroDnstrate the synthesis of ribonuclease (Keller, 1959), 

trypsinogen and 0{ -chymotrJ~sinogen (Hansson, E. 1959; Keller, 1959). 



Straub (1958) has shm .. n that :çe.ncreatic slices labelled in vitro 

yielàed labelled amylase. 
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Thus, the incorporation of radioactive amino acids l~s been used 

to demonstrate the synthesis of most of the digestive enz3~es of 

the pancreas. 

It is also known that proteins which leave their sites of synthesis 

are turned over much more rapidly than proteins which remain as 

intrace1lular components Ovni te et al, 1959). The results of this 

study show that at 36 hours after the injedtion of labelled amino 

acids most of the labelling is 1ost from the acL1ar cells, only 

fevl scattered grains remaining; concorn.mitant vdth this loes, the 

ducts of the pancreas at 4 hours and at 36 hours after injection 

conta in heavi1y labe1led mate rial wi thin the ir lu..rnena. This rapid 

loss of radioactivity is greater for thè rancreas than for any other 

tissue studied radioautographically (Leblond et al, 1957). This has 

be en confirmed biochemically with leucine-c14. The results of the 

latter experiment show that the }Jancreas, seven to eight times more 

labelled than the liver at 30 minutes, drops at 24 hours to the same 

level as that of the liver (Table 2). In addition, when fresh tissue 

aliquots of pancreas and liver 1vere extracted following the same pro­

cedure as vdth the histological sections, 30 minutes after the in-

jection the protein fraction of the pancreas is about 10 times more 

labelled than that of the li ver. This bas also been reported by 

Allfrey et al (1953). 

'l'hus, it is concluded that most of the labelled proteins seen 

in the radioautographs, "'tthich turnover vdthin about 24 hours, are 

digestive enz;y111es, produced by the cell for secretion. 'rhe reactions 



120. 

rernaining after hours probably represent the structural 

material replaced by the ce]J_. 

Of the three morphological entities included in the radioauto-

gr a phic grai..Yl (~ion dra:tvings, viz. the nue lei, ergastoplc'lsm 

and zynogen regions, the la.tt.er two vrere further subdivided 

as described on 57 • The subdivision of the ergastoplasm 

shm·J"ed that both and distal of this region ~<·mre 

equally labelled at ~11 tine in l~ervals, that no differ-

enc e exists between the ac ti vit y of the tvro subdi ""~ris ions, anj that 

the entire 

Hmvever, the of the zymo t;en granule demon-

strated a ma.rJ<ed bet·~'leen the proximal and portions 

vr.i.th respect to t:L-,1e after administration of the amino acids. 

Ergastoplasm 

Ha ving shmm tha.t the detection by radioautography of the lA.bel 

introduced on amino acid l:toleCllles indicate the sites of newly 

synthesized proteins, follows that the of the label 

at the ear1iest time after injection ::-:rus t the site 

of protein synthesis. 

At 10 minutes, earl:iest tir.:1e interval after the injection of 

leucine-H3 the ergastopLg,sm has al~:1ost ree.ched its rna.x.:Lm.um concen-

tration of silver ns lOO p2 area. It reaches 
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30 minutes and falls off slowly thereafte:('. The concentration over 

the proxiL1'3.1 zy:nogen granules at 10 minutesis to, or slightly 

higher than that over the ergastoplasr,1 ( Tagle 5, Fig. 5). 

Five minutes after the injection of glycine-H3 into mice, the 

ergastoplasm coDta:Lns the highest concentr-a.t i.on of radioacti vit y 

(Table 8, Fig. 12); 'With methionine-H3 again, the ergastoplaf:;m and 

proximal zymogen granules are equally label led (Table 9, 13). 

From these results, it :is not clear whethçr both the ergasto­

and proxiJïlal z:yrnogen granule: regions, or only one of the tv;o 

synthesizes protein. It was, therefor::;, decided to l..Vork at-:. even 

earlier intervals foll.mv-l:1g experlment was performed. Eight 

rats conforril~_.ng e:xactly to the specifications described previously, 

\vere given a single intraperitoneal injection of 2.5 ~c per gram of 

body 111eight of leucine-H3 (New England Nuclear Corporation, Boston, 

:t,:ass; specifie activity 35.7 mc/mlf), and killed in pairs at 2, 5, 

10 and 30 minutes after the injection. The pancreas was removed as 

described in Haterial and 1-rethods, fixed in Bouin! s fluid, and H & E 

stained, 5 ~ sections ~rere radioautographed. 

At 2 minutes a.fter the injection, only those acini which are in 

close proximity to blood vessels shov·T reactions. Of those acini which 

are labelled, it is clearly seen that the silver grains are almost 

exclusively localized over the ergastopla.sm with only several grains 

over the ZJnnogen granules (Figs. 18 and 19). At 5 and 10 minutes 

(Figs. 20 and 21) after the injection, all the acini are labelled, 

the grains being localized over the ergastoplasm; the scattered 

grains over the proximal zymogen granules increase in number, partie-
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PLATE B 

Radioautogra~:;hic localization of leucine-H
3 

in pan-
creatic of the rat at ver'.r early tine intervn.ls 
aftGr :injection. (:<: 1000,.35 day e:::::posure, L. .S staining) 

Fig. 18, 19 Pancreatic acini at 2 minutes after ection. 

It is clearly s een that t~1e reactions are e:z:clus-
ively confined to the basophillc ergastoplasm (s2e center 
of both figures). at this tine in ter'V?.l, 
thG labelled a:.:ino acid not c;_if:'usecl ti!rouzhout the 
entire pancreas; cons only t::ose acini close to 
a blood vessel are labelled, thB na.jority of acini contain­
inz little or no radicxlctivity (right, in both figures). 

Fig. 20 5 minutes, 
,..... 10 · t after injection tlg. 1 mmu es 

At;ain th::: reactions are 
pla sm, vJi th an incre?.sed er of 
z;;mogen ~anules. 

Fig. 22 Acinus 30 minutes after injection. 

er:;a.sto­
over the 

rattern obtai.ned in t~lÇ ï.k'ljOr eXp~;riElents 1'iith 
lert.c:Lne are co71tir:ned irli th and ;1ethionine, since 
the reactions are concentrateû in ove:.." t:1 e proxi~11al 
Z;)·'l'f:lcgen ra.nule Curiously, fe1,rer grains tha:n at 
10 :ninutes are seen over the distal z~ymogen granules, 

that the ty present here at 5 and 10 
mnutes .:nay also into the z;ymcgen 

re[;J.on. 
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ularly at 10 minutes. The pattern at 30 minutes (Fig. 22) is 

identical to that obtained in the other experiments; showing an 

accumulation of grains over the proxiwal z~nogen granules in 

clumps corresponding in position to the Golgi apparatus. 
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The results obtained by Siekevitz and Palade (1960) and Norris 

and Dickt~n (1960), indicate that as early as 1 to 3 nunutes after 

injection of labelled amino acids, biologically active, labelled 

enzymes are found in the microsomal fraction of pancreatic acinar 

cells. It has been shovm that the microsomes represent disrupted 

elements of the endoplasmic reticulTh~, and with the electron nûcro­

scope, the ergastoplasm consists of highly oriented elements of the 

endoplasmic reticulum associated vdth ribonucleoprotein particles 

(RNP). These particles are presumably responsible for the basophilia 

of the ergastoplasn; the basic hemato:xylin combining v.Iith the acidic 

RNP granules. 

Therefore, in agree::nent trith the above rr.entioned results, it is 

concluded that the ergastoplasm is the site of protein synthesis in 

the acinar cells of the lÂncreas. The high concentration of silver 

grains over the pro:cimal zymogen granules at lC minutes can be ex­

plained as a rap id migration of the labelled proteins from the ergasto­

plasm into the proxirr~J zymogen granule region. 

The scattered reactions found at the early time intervals over 

the zyr:ogen granules may be attributed to either the background fog, 

whichwas found to be of the order of less tr~n 1 grain per lOO ~2, 

or more probably, to the fevr elements of the endoplasmic reticulum 

found in this region. 



Proximal Z:ymogen Granule Region 

The ma.."'ti.mal concentration of labelled protein accumulated at 

30 minutes in the proxL~1 zyraogen granule region, is probably 

the intermediate stage betvfeen synthesis of the enzymes and their 

appearance in the zJrmogen granules. 

Qualitative observations of the radioautographs at 30 minutes, 

from the four a~periments, reveal more or less distinct clusters 

of silver grains over the proximal portion of the zymogen granules 

(Figs. 6 and 8, 14, 15, 22). The division of the zJ~ogen granules 

into proxirnal and distal portions vfas specifically designed to 
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segregate these accunrolations into the proximal z~~ogen gran-

ule region. Since the region of the grain clusters closely approx­

imates the location of the Golgi apparatus as defined by classical 

silver methods, the division of the zymogen granules also segregated 

most of the Golgi apparatus into the proximal zymogen granule region. 

The Golgi Apparatus 

Since its initial discovery by Camillo Golgi in 1898, the 

apparatus has been thought to participate in secretion. The appear­

ance of groups of silver grains overlying the supranuclear position 

within the cell at 30 minutes after leucine-H3 injection, gives the 

impression that the radioactivity originates from the Golgi apparatus. 

To confirm that the grain accunru.lations at 30 minutes do occupy the 

position of the Golgi apparatus, measurements of the extent of the 

silver impregnations from the Aoyama preparation, and the grain accmrr-



ulations from overexposed radioautographs, were made of the long 

and short a:xis of the Golgi apparatt:..s and the silver grain rrass, 

as well as the distances from the nucleus and apex. Compar-
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ing these measurements statistically, a fairly good correlation was 

found to exist betWBen the position of the Golgi impregnation and 

the accumulation of silver grains (Plate 9). 

That the concentration of radioactivlty in the proxinnl z~(ffiogen 

granules at 3C minutes is not merely a step in the random diffusion 

of labelled protein from the ergastoplasm, is indicated by the pre­

ferred grouping of silver grains in definite and more or less dis­

crete areas, plus the fact that this concentration probably lasts 

for sorne time, at least one half hour. Overexposing the radioauto­

graph of the pancreas at 30 minutes after injection of leucine-H3 

produced very heavy, clearly defined blackening of the emulsion 

(Fig. 26). Confirmation of these accumulations were obtained from 

the p3.ncreas of a rat which received trytophan-H3 (1.1. Enesco, un­

published) and was killed one hour after the injection (Plate 10). 

(A recent experiment with tryptophan-H3 at various time intervals 

confirma the findings of the other experimenta in all respects.) 

SjBstrand and Hanzon (1954 b), studying the fine structure of 

the exocrine Cells Of the IilOUSe pancreas by electron microscopy, 

have noted an intimate relationship between the Golgi.apparatus and 

the zymogen granules. results correspond vdth those obtained 

by Lacy and Challice (1956) using silver impregnation coupled rith 

electron microscopy. They observed granules in this region which 

appear to represent a whole series of stages in the formation of 

z;ymcgen granules. 
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Localiz::,~tion of the Golgi apparatus 1t.rith silver i.rnpreg-
nation and radioautography leucine-H3. 

Fig. 23, 24 tic dra t'ling of pan crea tic a einar c ells rr.ade to 

p• 
r' l.g. 

sce.le frœll measurements of the ciistances indicated by 
the solicl lin es. 

The stippled area in Fig. 23 represents the average 
lirn:its of the Golgi apparatus aftGr irnpregnation 
(Aoyaro. 1 s Technique). • 24 confirms the correlation 
of the silve:r grain accu;nul::J.tions at 30 minutes after 
leucine-H3 ection, 1.·rith positi.on of the Golgi 
apparatus. 

In fact, the apparatus is not always in a 
position directl:,r between the nucleus and the cell apex, 
but may face the l:1tera.l c membrane. explai1:s 
1,1hy its average length is than the \'fid th of 
the cell in 23. 

'rhe nucleus '.-ms found to be invariably s from 
the apparatus the radioauto[Sraphic grain accum-
ula.tions by 2 u. 

Sil ver impregna ti on of the pancrcatic acini of the rat 
(x 1200, Aoyann 1 s techniqu.e). 

';li thin the acinus, the cell in the upper right 
se 17,1ilent shov.rs the apparatus typically orientated 
bet-vreen the nucleus and t:1.e cell apex. Ho1trever, in the 
1011er cell, the apparatus a betvreert the nucleus 
-'l.nd the lateral cell membrane. 

iin.pregna tic;1 clearly indica tes the chro@.ophilic 
area which encloses t:1e chrcrn.ophobic portions. 

Fig. 26 Pancreatic acinus 30 minutes after injection of leucine-H3 
(x 12CQ, 67 d,S,y 8}~posur8, li & E staining). 

The grain accumulations over ti1e prc:irl1.l zymcgen 
are clearly seen. The ergastoplas.~ic reactions 

are relati vely slight and :i:'evr reactions over the 
dista.l z;ymocen :3ranul'-.:!S. 
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2.adioau.tographic localizatlon of in the 
pancreatic acini of the rat (Lt-6 day exposare, 11 0: .b 

stainine). 

Fig. 27 50C) Low rnagnificat:i..on of an area of the pancreas 
frŒrr a rat 1 hour after injection. 

Dark aggregates of silver grains are seen throughout 
usually arranged in a sequence outlinine an 
or circular p.3.ttern. The area enclosed by such 

a pattern (z:;rmogen granules) is than outl~ring 
regions ( ergastoplasn), as shmv:rl in Figures and 29. 

28 (x 1300) liigher magnification of one of the elliptically 
gra:Ln aggregates. This photograph, taken at the 

level of the tissue section shov.rs the 11 shado1:.ru of the 
clumps. is clearly seen tha t the ellipsoidal 

arrangeiJ.ent is due to the accu:·nulation of over the 
proxi:::al granule region of the acinus. I t is 
also clear that in each case the grain 11 shadow11 is located 
betvree?l the nucleus and the cell apex; and that a slight 
s}Xlce separa tes the grains from the distal pole of the 
nucleus. 

Fig. 29 (x 130C) same acinus as Fig. 2g, but the photo-
eraph was taken at the level of the silvnr grains. 
conîirms that the 11 shadoustt are due to masses of silver 

ns, and tbat the light area of the circles or ellipses 
correspond to the z~nogen Granule region. 

The grain aggregates are thought to 
Golgi apparat us. 

from the 





125. 

Farquhar and vlellings (1957) studying the formation of zymo-

gen granules in the mouse pancreas have repeatedly observed material 

resembling zymogen in density and composition vfithin the othe:ndse 

virtually empty appearing Golgi vacuoles. 

The evidence cited above is only a small part of the literature 

sho-~·J"ing the involvement of the Golgi apparatus in the process of 

secretion. Host of these are based on the classical methods of 

interpreting function from morphological observations by the apparent 

relationship between several independently occurring structures or 

phenomenon. The pitfalls of this purely morphologie method are 

obvious. Hm.vever, the radioautographic visualization of the accurn­

ulation of labelled protein (previously seen mainly in the ergasto­

plasm) in a region closely corresponding to the :morphological position 

of the Golgi apparatus is direct evidence that the Golgi apparatus 

is the intermediary between synthesis of the protein and its appear­

ance in the apical or distal zyuogen granules. 

In confiriP.ation of the above, very strong evidence connec ting the 

Golgi apparatus with the process of secretion has recently been 

published by Caro (1961) In a study combining the electron nucroscope 

with radioautography, he has clearly shown that 20 minutes following 

the injection of leucine-H3 into a z~inea silver ns are 

precisely localized over the vesicles and vacuoles v.rhich constitute 

the electron rrdcroscopic picture of the Golgi apparatus. 

Distal Zymogen Granule Region 

Hi th leucine-H3, the ma:drnum concentration of sil ver grains at 
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4 hours after the ection is over the distal zymogen 8ranule 

region. Since t.he labelled arnino acid is not present in the cir­

culation after 1 hour, the radioactivity at this time must have 

originated from the ergastoplas:m and proximal z;y111ogen granules 1·1hich 

v;ere labelled previously. The steady rise in activity over the 

distal zymogen granule region the very early time intervals, 

indicates tba.t a slmv rate of entrance of label:led rnaterial into 

occurs continuously. The loss of label1ed proteins, as 

expelled zymogen rratsrial, which is seen in the glandular ducts as 

a s 30 minutes (Fig. 8), but particnlarly pronounced at 4 and 

(Fig. 9) and 36 hours, is taken to indicate tl<..at a continuous flo1v 

of labelled z3~ogen occurs fron this The loss of labelling 

is 

cell. 

cells. 

at îirst, then increases in intensity at 4 and 36 hours, 

as 1r.ore labelled Z;t"'illogen ~ranules reach the ape:;: o:f the 

36 hours, almost no labelled proteins remain in the acinar 

Allfrey et al (1953) have shawn that in the pancreas of a fasting 

animal i.e. one ,,Jtrose pancreas is prestEi!E.bly in a 11resting11 state, 

a slmv secretion f~oes on. Since the quantity of enz;y:mes in a 

restint; pancreas rernains fairly constant, they concluded that the re 

must be a constant synthesis to replenish the loss due to the steady 

secretion that occurs. This has been repea tedly confirmed by the 

observation that everJ acinus fron the pancreas of all the aniL~ls 

used the radioautographic •..ras seen to synthesize 

proteins after injection of labelled affina acids. 
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The tive resu:tts li1 the thesis a~e expressed 

in terms of concentration of radioactivity per unit area. Ideally, 

the best representation is obtained express:i_ng as a 

ratio of the anount of labelled amno a cids to the total concentration 

of arrino acids 

activity. 

the proteins of the acinus, that is, as specifie 

t.·muld in volve the total a.mount of leucine 

present per unit area in the proteins of the and z;yJno gen 

granule Hm.,reve:r, there is no specifie histoche:id.cal method 

for the deterB::Lnat,~Lon of leucine in tissne sections. alterna te 

met ho: l is to :::1easure the amount of per unit area of the 

ergastoplasm and z3m1ogen gran.ules, and to calculate ratio of the 

amount of labelled protein per unit a rea to the total ainount of pro-

tein. On the basis of quantit.!:ttive radioautography, amount of 

labelled proteins can be deter.nûned by counting the number of silver 

grains in the photographie emu.ls:Lon over1ying a given area of structure. 

The se are available from the data presented. To determ:::_ne 

the concentration of proteins in the various areas of the pancreas, 

Billon 1 s reaction (Hasch anè. Svrift, 1960) v.ras used on Bouin' s fixed 

section of pancreas. Hillon 1 s 

for tyrosine residues of the 

of 500 m}l or greater. Tyrosine 

has bee:r:. shown to be specifie 

, when neasured at a 1-va ve length 

a uniformly distributed residue 

in the protein molecule, this reaction can, therefore, be CŒlsidered 

as specifie for prote:lns generally. 

Bouin 1 s fixa ti on 'tt·ras rer~1oved from 

and the sections stained as 

picric acid 

section wit~.1 

by Ra.sch and 

after 

carbonate, 

Figure 30 shows- an a rea of the pancreas of a rat as ste:L ned \·Ii th 
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each acinus is nruch paler than the darkly stained, central 111:.1.ss 

ad di the reaction intensit;r wit~in 

the z;ymogen granules is seen to vary sœ~1evfhat froEl acinus to acinus. 

Eicrospectrophotonetric measure;:1ents of the 1-.î11on 1 s reaction in-

te~sity, nethod (Sl-rift and Rasch, 1956) 

~<rere made of 20 In each acinus lC vrere taken; 5 

ove:r· the ergastopJ_ëtS< 5 over- the Zj1;1ogen granules • Droz, 

unp'.blished). r.rhe results obtained S[iOHed the fo1.J.Olfing 

= 2. 77 ± 0.1~3 

To deterrnine the specifie activit;y of the proteins, the number 

of grains per unit a rea 1·ras di vided by the concentration of pro teins 

per unit area. of the t'-10 regions mea.sured. 1-.ras no detectab1e 

microspectrophotometric difference bet~..re~~:1 the proximal and distal 

zymogen regions. Obtaining the specifie activity involves 

dividing the zymogen region grain concentration by 2. 77, dividing 

the ergastoplasnùc concentration one. 

The results obtained this way were plotted as specifie activity 

against time after injection (Fig. 31). 

From the specifie activity time curves, the relationship betvmen 

a precursor and its product can be analyzed according to the method 

proposed by Zilvers:nt et al (1943). By this method, if a substance A 

is the precursor of a substance B, relationship of the specifie 

acti vit y ti!r .. e curves of the two substances must satisfy the follovring 

conditions : 
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1) the activity of A must be greater than that of B at 

t:1e early time intervals. 

2) at the point of intersection of the tv1o curves, the specifie 

acti vi ty of B must be at its maxj]riU.m. 
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3) the specifie acti '"vit3r of B must thereafter be r;reater than tm t 

of A. 

EY..amination of the specifie activity curves (Fig. 31) inè.icates 

that the ergastopl.asrJ.ic specifie activit.:rreaches a peak great~::;r than 

that of the zymogen granule at 10 and 30 minutes. 

The curve of the proxiLJal z:,Œlogen granule region intersects that of 

t:1e ergastoplasm at 11"h1t appears to be the maximum point of the prox­

z;yrnogen region. Ho~rever, i t is kno\'m that precursor in the 

.form of labelled leucine, is available for at one hour after 

the injection. Therefore, the ::-r.a.Y.ima of both erga.stoplasm and prox­

ZJ-'Tfiogen granules, may be shifted sorr1e1vhat to the right, vfith 

true rrrud .. i-.rJa in the ergastoplasm occurring at perhaps one hour, and in 

the proximal zymo gen granule at a bout t~ro hours ( estinutions 

based on qualitative observations of radioautographs of the pancreas 

taken from rats killed at these time interva.ls after injection of 

leucine-H3). Nevertheloss, it ap::;ears that first and second of 

Zilversmt 1 s cri teri~1. are fulfi:·_led in the case of the ergast,op1asm 

forn:rrg a precursor of proteins to the proximal zyrnogen granule 

region. 

The continuous increase of specifie a cti viey in distal zymogen 

granules to a point at four hours about equal to that of the ergasto-

plasm at 30 hlinutes, indicates the labelled proteins from the 



ergastoplasm and pro:::d.EJal zymogen granule regions migrate into 

this region, and that the proteins in the proximal region are 

probably the direct precursor of those :'!.n the distal zymogen 
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granules. This is evident the fact that the specifie activity 

in the proximal zynogen region re:na:ins at a high level from 10 

minutes t o 4 hours; indic a ting an accumula ti on of labell ed pro teins 

in this region. The complet0 reV~-=:rsal of the maeni tudes of specifie 

acitivity in the three components from 10 minutes to 4 hours, that 

is, the erga.stoplasm at 10 minutes containing the highest specifie 

acti vity, and dropping to the lo-vv-est at 4 hours; the opposite occurring 

in the distal zymogen .gr-anules, clearly ind.icates t.hat the label1ed 

proteins forued in the ergastoplasm are precursors of the labelled 

proteins in the proYj_ma1 z;ymogen granule region, which in turn are 

the precursors of the proteins in the distal zyn1ogen granules. 
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Sill-11\IARY AND CONCLUSIONS 

The aim of this work is the localization of the sites of synthesis, 

and migration with time, of the proteins synthesized in the pancreatic 

acinar cells of rats and mice. 

Preliminary ex re riments ·uere designed to determine 1-h ether leucine 

is an adequate tracer of the proteins which are being synthesized. A 

large number of histological sections of 4 organs from adult nuee injected 

vdth a tracer dose of leucine-c14 were prepared by routine methods. 

Proteins and nucleic acids vfere extracted from the sections and analyzed 

for radioactivity 1.dth a Geiger counter. Furthermore, to determine to 

1~at extent, if any, labelled amino acids are adsorbed to the proteins in 

vivo, the protein fraction vlas treated with NaOH in order to liberate 

the se prestunably ionie bound molecules. It was th us found that, following 

administration of labelled leucine, over 90% of the total radioactivi.ty 

present in the 4 investigated organs 1vas in the protein fraction of the 

tissue sections. Furthermore, the results of the NaOH extraction procedures 

indicated that the incorporation of labelled amino acids into proteins 

cannot be explained as either exchange or adsorption, but must represent 

a synthesis of new protein. 

To localize the sites of synthesis and follow the labelled proteins, 

the main experi~nents consisted of injecting groups of rats with leucine­

H3, killing the anirnals at specifie times thereafter, and radioautographing 

the histological sections. Similar experimenta, designed to investigate 

the early intervals after injection, 1.vere performed in mice vvith the amino 

acids glycine and methionine-H3. Quantitative analysis of the amolll1t of 

radioactivity in the various J:a,rts of pancreatic acinar cells of these 

rats and mice -vrere performed using dra1.dng made to scale of the pancreatic 
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acini, and of the silver grains in the emulsion overlying them. 

The proteins synthesized in the pancreas which turn over in 24 to 

36 hours, represent the proteins synthesized for secretion as enz~~es, 

while the label1ed proteins remaining after 36 hours are probably due to 

the proteins synthesized for utilization by the cell. 

The precise localization obtained using radioautography with tritium 

labelled amino acids at very early time intervals after injection reveals 

the sites of protein synthesis, vlhich in the exocr:ine cells is chiefly 

the basophilie ergastoplasm, located at the base of the cells, -vmere the 

electron microscope shows the presence of the ribosomes of the endoplasmic 

reticulum. A slight a,.110unt of synthesis also occurs in the zymogen gran­

ule regions, perh~ps again in relation to the elements of endoplasrnic 

reticulum found in this region. 

The p3.ttern of distribution at various times after injection allo"~tTS 

the migration of the labelled proteins to be follovied from the time of 

synthesis. From the ergastoplasm, the ne-vüy-fonned proteins migrate very 

rapidly into the proximal portion of the zymogen granules, a region which 

may be sho1-m to contain the Golgi apparat us. The proteins remain in the 

Golgi region for at least 1/2 hour, then diffuse slow~ into the distal 

zymogen granule region near the lumen of the acinus. As early as 30 

minutes, but particularly at 4 and 36 hours, labelled proteins are found 

in the lumen of the excretory ducts, indicating that a continuous secretion 

of enzymes, constantly replenished by synthesis, occurs in all acinar cells 

of the pancreas. 

Identical results vrere obtained vdth other amino acids, glycine-H3 

and methionine-H3, in another species - the 1mti.se. Thus, in both the rat 

and the mouse, wit~ the three different runino acids, the site of synthesis 

of pancreatic proteins v.ras sho'W11. to be the ergastoplasm. From the ergasto-

plasm the labelled proteins migrate into a region containing the Golgi 

apparatus, emerging from here as the zymogen granules. These corrtain the 



labelled proteins subsequently seen as extruded zymogen in the lumen of 

the pancreatic ducts. 
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