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ABSTRACT 

Young rats vere injected vith JH-f"ucose and sacrif"iced &tter 

various tilDes. In electron m:1.croscopic radi.oautographs of" duodena1 

villus columna.r cells and hepatocyes, at 2 minutes af'ter injection 

the label vas localized mostly over the Golgi apparatus. By 20 

minutes, label appaared at al1 cell surf"aces and in lysosomes. It 

is interpreted that the f"ucose label vas incorporated by the Golgi 

apparatus into glycoproteins vhich m:1.grated to lysosomes and to 

a11 celi surf"aces to be added to the cell coat. A methocl developed 

te sUdn radioautographs of duodenal cells vith phosphotuDgstic acid 

rsvealed glycoprotein in a11 labelled structures, includ1.ng cytoplasmc 

vesicles which may transport the labelled glycoprotein te the cell surfaces. 

In light microscopic radioautographs of many other celi types, label appeared 

f:Lrst over the Golgi region and later over celi secretions or over celi 

surfaces. Thus celi coat synthes1.s in all cells may be completed in the 

Golgi appara tus. 
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INTROOOCTION 

In the past deeade increasing attention MS been given to the 

importance of the role pl.a.yed by carbohydrate substances in the structure 

and :f'unction of biologica1 organisms, and enormous strides have been 

made towards an understanding of the structure and 1"unction of these 

substances. Qù.y a fev ~ars ago, an assessment of the ro1e p1.ayed by 

carbohydrate macromol.eetù.es in organisms was J.imi ted to their presence 

in mueous secretion, in energy reserves such as st&rch or glycogen, and 

in structural. ma:teria1s such as connective tissue ground substances, 

ce11Ulose or chitin (Harrow and Ma.zur, 1954). Yet, the refined techniques 

of modern biochemistry now indicate that carbohydrate residues are al.so 

present in an ever increasing number of proteins, inc1uding nearly alJ. of 

the pl.asma proteins, many enzymes, hormones, antibodies, and the major 

structural. protems of animaJ. tissues, the collagens. Especial.l.y interesting 

is the discoveryof a l.ayer of carbohydrate materiaJ. at the surface of most 

or all. anima) ce1l.s. 

'!he 1ast fev years have also seen a substantial beginning made in 

:the 'W'lderstanding of the biosynthesis of carbohydrate substances, both in 

terms of the mecha.n:isms involved and the sites in the ceUs where these 

mechanisms occur. BxtreIaely helpf'u1 in these studies bas been the util.ization 

of isotopica1.1y l.abelled presursors of carbohydrate s. In this the S'i 5 , the 

results obta.i.ned by rad:i.oautogra!irlcally tracing the fate of a newly 

avallab1e carboh3drate preeursor, %-f"ueose, :ln rat tissues will be descrlbed. 

Distribution of Carbohydrate Substances in Animal l'issues 

Carboh)'drate residues occur in four basic types or maeromolecules 

:in a.n..ir...aJ. tissues 1 
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1) Hom:>polysaccharides 1 whi.ch are polysaccharides containing only 

one type of monosacchar1.de res:idue, the most common e:xalttple be:i.ng glycogen. 

2) Nucle:ic Ac:ids 1 whose nucleosi.de components contain r:ibose or 

deoxyr:ibose res:idues. 

3) Glycolip:ids 1 

are glycosylceramides. 

The predominant glycolip1.ds of mammal j an systems 

These have special structures wh1.ch w:Ul. not be 

discussed in this thes:is (see rerlews by Ledeen, 1966; Sweeley and Dawson, 

1969; and McCluer, 19(,8), but contain the sa.me sugar res:idues as f'ound 

:in many glycoproteins, 1.e. glucose, galactose, glucosamine, galactosamine, 

fucose, and s1.alic ac:id. Immunological erldence ind:icates a close 

chem:ical and metabolic relationslrl.p between these glycol:ip:ids and glyco­

proteins (McCluer, 19.11). 

4) Glycoproteins l '!hese substances have been defined by Spiro (1970) 

as prote:ins which have carbohydrate covalent1y attached to their pept:ide 

portion, and their detalled structure :is described below. 

structure and D:i.stri~tion of Glzcoprote:ins 

'!he simple defin1.tion of glycoprote:ins given above altbough correct, 

masks the coruddèrab1e confusion in .leha,.~ the members of th:is class of 

substances in past years. Because of the great resistance w:ith which 

these substances revealed their structures, it bas been diff:lcu1t to 

classify them, and m.a..."y classl..f:lcations have been prcposed only to be 

1ater discarded or mod:if:led (l-':eyer, 1938; Meyer, 1945; Jeanloz, 1960; 

Gottschalk, 1962). 

Indeed, the substances which are included ~ the above def'init:lor. 

of glycoproteins constitute a very vide range of protein types as shown 

in Te:d-Table l (af'ter Spiro, 1970). Nonethe1ess certain cnaracteristic 

sugar residues are found :l1'\ the carbohJdrate portion of all of these 
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Group Eauaples 

Plasma Fetuia (2), caracid lIYcop:oteiD (3). U'aIIIferria ('). ~ 

pIumia (5). baptollobin (6). ~lIIaCftIIIobu'in (7). Barium 

..... JCOIIIOCeÏn (1). fibriaotea (9). ~. (10). 

~indinc aIobuIiD (II), CCltticwtesoid-biDIIiDI 
skbdia (1.2) 

l.muno,.n"vIi .. la(; (U). lIA ("). IIM (15) 

Un.. T .... and HonfaII "JCDp'acei. (16) 

Hal a.arioaic ~ (11). follide-stimulati .. bar .... 

(11), in-.itial eelktimulatia& bormoI. (19), tlayroid-

.... ..aa.m. bonDa. (20), tIa)'l'Qllobulin (21) 

E..-,.- Paaaeatic ribonucleae (22, 2.1) and deœyribonucJae (2'), 

T.........,... (25). fuapl "uca. œÎdaIe (26). stem 

bc ' On (21). kid-.y ...... utamyl tDaIpepIidue (21), 

Iiwr ~ M ë.t.. (29). N-eœt)'IcI...aminidale (30). ....... hl- t .. (31) .... atropi _ .. (32). ___ 

ndiIII .. "-'1ft (33). fuapl .. ucaaaayIue (1') and chIoro-.. ° he (.15), ..... .... ........... (36). )'eUt iD-

'ftI'tMe (31) 

Eawllite OaIMatDia (li) • .,....UCDid (39). aWlin (.0), ~ 

,.na (,1) 

Muc:a. SL ..... m.." &lyœpacei.. (42, U). cwaria. cyst ")'CO-
praIID (4t, '5), ....,ated patrie ("). colonie (41). aad 

..... ... , •• ." (41) .. J'ClDlllacei .. 

Concwtiw tÎSIue Pa.,..,....,..... (49). CIDI1apa. (50, 51), .arta &lycoproteins 

(52. 53) • .ad alJCIOIIIocei .. of boae (SI), Iœralan sulfate-

praIID (55. 56) 

EacnceUuJar Glaollrular be-t .......... (51). le .. capsule (51). ......... D Ill' ...... ____ (59). ReicIIert'. yoIk -= 
............ (60), aaaeIid cutide (61), ...... t oeil wall (62), 

,... CIIII .... (63) 

eeu .............. ............... (61-69), iatnClllJuJar membraaes (70-

73), pla'*' Il _ (7') ..... piament (75). I!.. uIi 

CIIII ........... (76) 

Pla)tGllemaal~ So, beaa (77). wu .... (71), poCatD (79). black Ioeust (10), 

............... (11) 

Tert.-Table l 

glycoproteins. 'fuese include D-galactose (Gal), D-ll..a.nnose (Man), D­

glucose, (Glc), I-f'ucose (Fu), D-xylose (Xyl), I-arabi."lose (Arab) , 

~i-acetyl-D-glucosa:dne (GleNAc), N-acetyl-D-galactos~......ne (Gal.!iAc) , 
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and the N-acetyl and N-glycol derivatives of neuramini.c acid (NAN, NGN) 

which constitute the sialic acids (SA). until recently, acid mucopoly­

saccharides have usua.J..ly been regarded as a separate class of carbo­

hydrate macromolecules, but sin ce MOst acid mucopolysaccharides are 

now lmown te be covalently bound te proteins, they may be considered 

as a special class of glycoproteins (proteoglycans). 'lheir hexuronic 

acids, D-glucuronic acid (GlcUA) and ~iduronic acid (IdUA), should 

thus be added te the above list of sugar re sidue s. 

'l'be carbohydrate portion of a glycoprotein mole cule may consti tute 

from less than 1~ to more than 8~ of the weight of the mole cule (Spiro, 

1970). Sim:Uarly the carbohydrate portion may be in the form of one 

prosthetic group, as in ovalbumin (Johansen, Marshall, and Neuberger, 

1961), or as many as 800 groups, as in sul::ma.xil.l.ary glycoprotein (Graham 

and GottschaJ.k, 1960). '!he carbohydrate prosthetic groups range in 

size from ~nosaccharides or d:1.saccharides, as in Mucins (Graham and 

Gottschalk, 1960) or collagens (Spiro, 1969), te complex heteropoly­

saccharide units containing as Many as seven of the above sugar types, 

as in plasma. glycoproteins (Spj.ro, 1968). 

Al though the number of possible combinations and sequences of sugar 

types in these carbohydrate prfJsthetic groups is enormous, there is 

actually a very conservative utilization of structural. patterns, with 

certain sequences recurring in many glycoproteins. In addition, there 

are or.ly certain types of glycopeptide linY...age 5 used between the carbo­

hydrate prosthetic groups and the polypeptide chain of the glycoproteins. 

On t.~e basis of t."tese structural. features, a tentative chemical class­

if'ication of carbohydrate prosthetic groups can be made, as shawn in 

Text.-Tab1e II (condensed t'rom Sp1.ro, 1970). 
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CiIJ a ,..-

A-. .... .... ... T..- c Il ~ ..... 
'. -GlclrAc ........ 1lAlf.1fGIf .... -.,.. ..... ........... 
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Text-Table il 

'l'hus some types of carbohydrate groups are 1inked to the polypeptide 

chain through an innermost N-acetylg1ucosaJl1ine residue which is 

attached by means of an N-glycosidic linkage to an asparagine residue of 

the polypeptide chain. Groups of this type include a large, extensive1y 

branched heteropolysaccharide group (ta in Text-Tab1e il) occu.rring in 

plasma proteins, hormones, basement membranes, and other substances. 

The sequence of sugars in this group is usually as follows 1 

The outer trisaccharides of this group, ldrl.ch a1ways end in e'i ther sialic 

acid or f"ucose residues, are attached to mannose residues of the inner core 

(Wagh t Bernstein, Winzler, 1969). 

A second type of asparagine I1nked prosthet'ic group occurring in 

many enzymes conS'ists on1y of mannose and N-acety1glucosam:1ne residue s 
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(lb in Terl-Table II). 

In all mucins, and in soma celi membrane glycoproteins, prosthetic 

groups occur which are attached through N-acetylga1.actesamine to serine 

or threonine residues in the peptide chain by means of an Q-glycos1.dic 

bond (2a Text-Table II). The sequence of sugars in tb:is group is of'ten 1 

Gal.NAc ~ Gal 

Fu? IGal.NAc-~~Ser (Tbr) 

SA 

In tbis case, sial.ic acid,.:tucose and sometimes N-acetylgalactesamine, 

are all terminal. sugar residues. 

A second type of serine (tbreonine) 1inked p-osthetic group oceurs 

in cartilage kerat&n sulf'ate-protein complexes (2b in Text-Table n). 

'!he basic structural pattern of thi.s group is of mucopolysaccharide type 

and consists of' a core of repeating N-acetylglucosamine and galactose 

residues. T,ne sialic acid and f'Ucose residues are believed te be attached 

in term1na.l positions in the carbohydrate chain. A group of sùlf'ated 

glycopro"teins have been recently described in gastric mueosa (pamer, 

Gl.ass, and Horowitz, 1968), colonic mueosa (!noue and Yosizawa, 1966), 

and submaxi 1 }ary gland (Bignardi et al., 1964), which contain fueose 

residues and May be closely rela"ted chem1ea11y te the above cartilage 

keratm sulfate. 

A th1rd type of carbohydrate-protein linkage bas been found te 

attaeh most substances }mown as mucopolysaccharides, te protein cha1ns 

te form proteoglycans. Orùy hyaluror.ic aeid bas net as yet been elearly 

shawn te be linlœd te protein (Spira, 1970). The above linkage (3 in 

Text-Table II) consists of a sequence of' tvo galactose residues and then 
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xy10se whi.ch is o-glycosidically bound to serine residues in the protein 

chain, (Rodén, 1%8), i.e. 

GlcUA-. Gal .... Gal-+Xy1~ Ser 

The glucuronic aci.d res:idue at the 1eft represents the fi.rst member 

of a chain of repeating disaccharides of hexuronic acid and hexosamine 

residues, which m.akes the carbohydrate group of these sUbstances qui.te 

c:H1'ferent from those of other glycoproteins; thus these substances 

constitute a speci.alized group. 

Fina11y, a fourth type of glycopept:ide bond, the G-glycos:idic 

linkage of galactose to hydroxy1ysine (4 :in Text-Table n) links the 

simple carbohydrate prosthetic groups of collagen to protein chai.ns. 

In base ment membrane collagens, al1 of these prosthetic groups are di­

saccharides conta1n:ing an inner galactose and outer glucose residue, 

l-rhile in fibrilJ.ar collagens, up to 5~ of the groups· cons:ist only of 

a single galactose res:idue (Spiro, 1969). 

Wh:ile MOst glycoproteins contain oruy one of the above types of 

earbohydrate groups, some conta.in more than one: thus thyroglobulin 

contains both of the above types of asparagine l.inked groups (la and lb) 

(Spire, 1965), and basement membrane collagen conta:ins asparagine l1nked 

heteropo1ysaccharide groups (la) as vell as hydroxylysine 1i.nlœd di­

saccharide groups (4) (Spiro, 1967). 

Of spec1.al interest in the present tlwsi.s is the fact that L-fucose 

oceurs as a terminal residue in severa]. of the carbohydrate prosthet:ic 

groups 1i.sted in Text-Tab1e TI (la, 24, 2b), and theretore may be a 

residue :in the carbohydrate mo:iety o~ plasma. protein, fetuin, hormones, 
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thyroglobul:in, immunoglobu1ins, mucins, celi membrane glycoproteins, 

basement membrane collagen, keratàn sul..fate-prGtein complexes, and 

sulf'ated glycoproteins of gastri.c and col.onic mucosa and suhmaxjll ary 

glands. 

'!he Presence of G1yeoprotei.n at Cali Surface Membranes 

Until qui te recently, MOst animal. ceUs were considered to be 

enclosed solely by a pl.asma membrane wi th no external. coverings. 

Extraneous coats of carbohydrate nature were lmown to surround egg 

cells (Monné and Slauterback, 1950; Leblond, 1950; Soupart and Noyes, 

1964) and protozoan ce11s (Bâiratti and lehmann, 1953; Pappas, 1954: 

Marshall and Nachmias, 1965; Szubinska, 1964), and there was indirect 

evidence that an interce11ul.ar cementing substance of carbohydrate 

nature (Rinaldini, 1958; Laws and Stickland, 1%1) he1d together 

tissue cul.ture and other ceUs (Moscona, 1952; Weiss, 1959; Rant Hebb 

and Wang-<llu, 1960). However, electron microscopy failed to reveal 

the presence of any celi coat along the outside of pl.asma membranes, 

except in the case of basement membrane type 1ayers, (Faweett, 1964) 

and the fuzzy coating on free surfaces of many epithelial cells (Burgos, 

1960; Bonneville, 1961; Peachey and Rasmussen, 1961; Fawcett, 1962; 

Ite and Winchester, 1963; Ito, 1964). 

'nle existence of ce11 coat materi.al on other celi surfaces vas 

revealed only when histochem:ical stains specif'ic for carbohydrate came 

into use and stained material vas seen along a.ll surfaces of tUltOr ce11s 

cuod Su ..... '" 
(Gasic A 1962) and stratified epithelial ceUs (Wislocld., Faweett and 

Dempsey, 1951), and along the 1ateral surfaces of intestinal epi theli.al 

ce Us (Pucht1er and Leblond, 1958). In 1966 the ubiquitous presence of 

such sta.1ning vas shololl'l by Ra.mbourg, Neutra and Leb10nd who demonstrated 
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carbohydrate materi.al along the surfaces of over 50 celi types in the 

rat using the PA-Schiff and colloidal iron stains (RaJibourg et al., 1966). 

With the successful adaption of these stains :for ultrastructural use, 

Rambo'l.rg and I.eblond demonstrated a simi1ar staining of aU surfaces in 

the electron microscope (Rambourg, and Leblond, 1%7). lbe specificity 

of these stains indicated that the stained material was glycoprotein in 

nature since the periodic acid-Schiff stain, under the conditions used, 

stained orCy glycoproteins (Leb1ond at al., 1957). T'ne" staining of the 

coat by colloidal iron, whi.ch detects the acidie carboxyl and sulfuric 

acrid groups of earbohydrates (Mowry, 1958, 1963), led some investigaters 

te the conclusion that acid mueopolysaceharides were present in th:is 

coat (Ite, 1965). As pointed out by Rambourg et al. (1966), however, 

the staining eould be equally well expJ&1ned by the presence of acidic 

groups in sial.ic acid. 'lhe absence of aeid mucopolysaccharides, at 

least in the apical surface coat of i.."'ltestinal. cells, has reeently been 

shown by Fors'tner (1969) lolho showed that hexuronie acids were not present 

at this sit.e. 

Within the past few years, a number of eleetron microscopie histo­

ehemical techniques, with varying degrees of specificity for glycoprote1..."'l 

substa."'lces (ie.periodic acid silver-methena.m:ine, periodic acid chromc 

acid silver methenamine, phosphotungstic acid at 1011 pH, colloidal iron, 

colloidal thorium, ruthenium red, lanthanu::n, concanavalin A) have been 

developed, and t.'1e presence of a glycoprotein layer along cell surfaces 

has œco:œ weil established. L"'l addition, ho~r, the existence of 

glycoprot.ein at cali sur1"aces MS also been prov:1ded by several biochemical 

techniques such as celi electrophoresis, ~...l.."'lochemiea..l, iUld mcrochemical 

techniques. While it is beyond the scope cf this thesis te discuss these 

stllmes in det.ai.l (se9 revievs by !"..addy, 1966; Benedetti and ~Iot, 1967; 
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Cook, 1968 . ; and Wi.."I'lzler, 1970 a, b), some rind:ings can he mentioned. 

Quantative chemical determination or membrane composition ~"I'ldicates 

that MOst mammalian celi membranes contain hetween 2 and fr1, carbohydrate 

(Winzler, 1970a). Some or this carbohydrate is in the rorm or glycolipids, 

but the remainder is glycoprotein. Although the nature or the carbohydrate 

components have not been extensive1y studiej, neutral sugars such as 

galactose, mannose, f'ucose, and orten some glucose are round, a10ng wit."'1 

N-acety1glucosamine, N-acety1galactosamine, and sialic acid. In erythro-

cyte membranes, on which most work bas been done, a glycoprotein vith a 

mo1ecular weight or about 31,000 has been isolated (Kathan and Winzler, 

1963). 'Ibis glycoprotein has a high carbohydrate content or 6~ and aIso 

bas a very high content or serine and tht'em1.ne, indicating that the carbo-

hydrate prosthetic groups are probably of' .type:2a in Tert-Tab1e II. On 
A 

the hasis of information presently available, Winzler (1970) bas proposed 

a model ror this glycoprotein and its association vith the erythrocyte 

membrane as rol1ows 1 

CEU 

TlVPSIN­
SlNSITIVE 

IONO 

: ..... : 
NHI 

Accordi.."'!g to this model, the glycoprotein 1s associated vith the lipoidal 

trl.la .. rlnar plas!na !!18mbrane by virtue of' a reg-;.-an poor in carbohydrate and 

rich in lipophilic amino aciàs v.~ch are at the carboxyl end of the peptide 

1 ehd"'!. The rema.inder of the chai."'! bas considerable carbohydrate attached 

1. Recently evidence bas been obta.ined that the polypeptide of th.is 
glyeoprotein extends nght thro~ the llpoidal membrane L"I'ld its inner part 
resides on the inner surface ru the membrane (3retscher, 1971). 
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as small. ol:1gosaccharides. '!he amino terminal. end or the peptide chain 

is much enr:1ched :in carbohyrates, and this end f'01"JllS the large s:1.alopeptide 

released f'roll intact erytbrocy'tes by trypsin treatment, (Winzler, 1970). 

The membrane f'ract:1.on of intestinal brush borders has al.so been 

isolated (Overton et al., 1965. E:1.chholz, 1967, 1969. Forstner ,et al.., 1968), 

and shown to be r:1.ch :in neutral. sugars espec:1.ally galactose (E:1.chholz 

and W:inzler, unpubl:1shed). '!he b:1.ochelllical composition of' thi.s f'raction v:1.ll 

be d:1.scussed iD .-ore deta1J;fm the Discussion section of' tbis thesis. 

'!he Presence of G1Ycoprote:1.ns :in Lysosomes 

'!he sta1ni.ng of' lysosomes vith the PA-Schi1"f' technique :in the l:1ght 

microscope (Darl~s, 1954. Nov:1.kof'f', 1961. Koenig, 1962), and nth per:1.od:i.c 

ac:1.d silver methenamine (Bambourg at al., 1969) and IiIolFbotungstic acid 

(Bertolini, 1965; Rambourg, 1969. Rambourg, Bennett, Kopriva, and Leblond, 
.. 

1971) in the electron microscope, indicates that glycopro'teins are present 

:in these bodies. Recently it has been shown that many or all of' the 

lysosomal. hydrolytic enzymes are glycoprote:ins (Goldstone ancr·.Koenig, 1970) 

:i.e. ~-glucuron:1.dase (Plapp and Cole, 1967) DNA' se (Berna.rd:i.: ,1968), 

N-&Cetyl-~gl.ueosaDdn:1.dase (Robinson and Stirling, 1968) catheps:1.n C 

(Metr:1.one, Neves and Fruton, 1966) &cid phospbatase (Smith and Wh:1tby, 

1968) and aryl sul.f'atase (.A.llen and Roy, 1968). Thus the carbohydrate 

sta:1.n:1.ng of' these bodies is probab:y due to the hydrolytic enzymes them­

selves, (Koenig, 1969). 

. BiosyPtheds of' Gllgoprote1.ns 

Biosznt,hes:1.s of' the Prote:in Hoiety of Glzeoprote:1.n 

'!he protein JaOiety of' glycoproteins i5 synthes:1.zed in the same 

f'&sh:1.on as other secretory protei.ns. '!'he meehardsa of tb:is synthes:1.s 

ut1l1z:1.ng transfer, messenger and r:1.bosomal RRA, bas nov been vell establ1.sbed 

both in eell h-ee systems (Siekev1.tz, 1952: Zamecn:1.k and Keller, 1954; Rirenberg 
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and Matthaej., 1961), and, more reeent1y, in celi fract1.ons (Siekevitz and 

Palade, 1960; Redman, Siekew:i.tz and Palade, 1966). '!he use of fractionation 

techniques bas aIso established the ribosomes of the rough endoplasme 

reticulum as the in1::raeellular site of synthe sj.s of seeretory protein 

chains (Redman, 1968; 1969; Hi.cks, 1969) (although Glick and Warren (1969) 

report synthesis at the cell surface in HeLa cells). Add:1tional. evidence 

that the rough endoplasmie reticulum 15 the site of incorporation of amino 

aeids into seeretory proteiÏl mo1ecrul.es bas been provided by the technique 

of radioautography. 'thus when 1abelled amino aeids were administerd to 

an:1maJ.s) radioautographic studies in protein secreting ceUs at both the 

11ght microscopie 1eve1 (Warshawsky, Leblond and Droz, 1963) and the 

e1ectron microscope 1eve1 (Caro, 1961; Caro and Palade, 1964; Van Heynigen, 

1964; Frank and Frank, 1969; Zagury et al., 1970; Bouteille, ~ 1970) 

showed that the label first appeared in the rough endop1asmic retieuJ.um. 

Biosynthes1s of the Carbohydrate Mo1ety of- G1ycoprotein 

Meehanism 

A large number of bioehemicaI studies have nov been carried out on 

the synthesis of the carbohydrate moiety of glycoproteins, and it 1s 

estab1ished that at 1east the major part of the carbohydrate mo1ety 1s 

added after synthesis of the polypeptide chains on the ribosomes 15 

comp1eted (Sarc1one, 1964; Ey1er and Cook, 1965; O'Brien at al., 1965: 

Molnar, Robinson and Winzler, 1965: Cook, Laico and Eyler, 1965: Law:ford 

and Schachter, 1966; Spiro and Spiro, 1966; 0' Brian, Canady, P'.al.l and 

Neuf'e1d, 1966: Si!nkin and Jameson, 1967: 1968; ".aroz a...Yld Ohr, 1967: 

Kagopian, Bosmann and Ey1er, 1968; Eos1ll&lDl, Ragopian and Ey1er, 1969; 

Molnar, Tetas, Chao, 1969; Eerscovi~s, 1969, 1970;Scbenkein a..."d Uhr, 1970; 

!'..e1chers, 19?1; 0101, Knopf', and Lennox, 1971; Sherr and Uh.r, 1971). 
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It is al.so fa:ir1y weil established that the sugar resi.dues are added 

onto the grow:ing carbohydrate chain one at a time (Spiro and Spiro, 1966; 

Hagopj.an, Bosmann and Eylar, 1968; Molnar, Tetas and Chao, 1969; Herscovics, 

1969, 1970). Al1 of the sugars required for glycoprotein synthesis can 

be derived from glucose in the body (Dorfman, 1963; Sp:iro, 1963) (see 

Text-Figure I). To be added to a glycoprotein, however, sugars must 

first be lin.ked to specific nuc1eotid.es (Le10ir and Cardini, 1960) these 

sugar nuc1eotides then donate their respective sugars to growing carbo­

hydrate cbains in reactions catalyzed by highly specific glycosyl transferases 

which appear to be firmJ.y bound ta intraceilu1.ar membranes (Novikoff and 

Go1dfischer, 1961). A group of glycosyl transferases work in concert 

to assemble a carbohydrate unit, with the product of one enzymatic reaction 

becoming the substrate for the next reaction. '!he ability of this type 

of mechanism ta produce carbohydrates of dsfin1te structure de pends pri.mar:1ly 

on the specificity of these glycosy1 transferases, wh:ich is directed both 

toward the sugar DUc1eotide a.s weil as to the terminal. sugar of the carbo­

hydrate chain ta which the new sugar :1s to be added (Hagopj.an, Bosmann and 

Eylar, 1968; Spiro, 1970). 

Intraceilu1.ar Sites of Synthesi.s of the Carbohydrate H::>iety of G1ycoprotein. 

Evidence from Biochemical Studies 

Biochem:ical. studies on the intraeellular location of the addition 

of carbohyàrate residues to growing glycoproteins have a11 made use of 

celi fractionation techniques, by means of which, f'ractions such as the 

ribosomal fraction, m:icrosomaJ. fraction (contairrlng rough endopla.smic 

reticulum), smQOth membrane f"raction (cont.a.ining smooth endoplas:rlc 

reticulum a...,d probably Golgi apparatus), and a plasma memm-ane fraction 

could be 0 bta:1ned. 
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These studies have shown that in the case o:f large heteropo1y-

saccharide carbohydrate groups su.ch as those in plasma proteins or in 

thyroglobulin (la in Text-Table II), the ir..ner cere mall."'lose and N-acety1-

glucosam:ine residues are added in the microsomaJ. :fraction (Sarcione",64; 

Molnar, Robinson and Winzler, 1965; Spiro and Spiro, 1966: Li, Li and 

Shet1er, 1968). Â controversy has existed over the si te at which t.lte inner-

most N-acetylglucosamine residue is added to the polypeptide chain. 

Considerable evidence has nov been obtained, however, that N-acety1-

g1.ucosamine residues may be added into the polypeptide chain while it is 

still growing on the ribosomes (Molnar et al., 1965; r.awford and Schachter, 

1966; Molnar and Sy, 1967; !(..e1chers a.ncl KnoPf, 1967; Molnar, Tetas and 

Cllao, 1969; Sherr and Uhr', 1911; Cowan and Robinson, 1970). In the 

carbohydrate prosthetic groups o:f membrane glycoproteins (2a in Text-Tab1e 

II), the innermost N-acetylgalactosamine residue appears to become attached 

to serine or threonine residues o:f the polypeptide chain only in the 

smooth membrane fraction (Hagopian, Bosmann, and Ey1ar, 1968). 

The more peripherally locateà sugar residues in carbohydrate side 

chains are added at 1ater stages in the synthe sis o:f the chains, and 

this addition appears to occur i..Y! the smooth membrane :fraction. 'lhus 

galactose, :fucose a."'ld sialic acid residues appear to be added in this 

fraction in a number of seeretory cells (Holnar, Robinson and r,1:L"'lzler, 

" 1965: Spiro and Spiro, 1965, 1968; Laorl"ord and Schachter, 1966; Bosmann 

Hagopian and Ey1ar, 1969; Eerscovics, 1969, 1970). In the case of 

collagen synthesis by HeLa cells, ?'..agopian, fusma.."'ln and Rylar (1968) and 

305 r.:a.a.nn, (1969) have sr.own eviàence t.ltat the glucose and galactose 

residues of collagen di.saccr..a..'"'"iàe carbohydrate groups (4 :in Terl-Table II) 
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are both added at the plasma membrane. In membrane g1.ycoproteins, 

however (Hagopian, Bosma.'1ll and Eylar, 1968) and most other secretory 

proteins, the synthesis of the carbohydrate moiety appears to be 

completed within the celle '!he addition of terminal sugars such as 

fucose appears to occur as a final step, as indicated by the very small 

amounts of this residue found in b:iochemical analyses of unsecreted 

imnrunoglobuli.'1 still w.i.thin plasma tumor cells (Y~lchers, 1971; Choi, 

Y.nopf and Lennox, 1971). 

Thus the weight of b:iochemical evidence favours the synthesis of the 

carbohydrate moiety of glycoproteins via the steP\'1Ïse addition of sugars 

to gro~d.ng carbohydrate side cha:ins occun-ing at a number of sites in the 

celle Sorne of the evidence supporting th:is concept derives from radio­

chemical studies after administration of radioactive sugars. other 

evidence cornes from the intracellular localization of the glycosyltrans­

ferases responsible for adding the sugars. The meaningful intracellular 

loca1ization of these transferases bas been a difficult task because of 

the inabUity of most cell fractionation techniques to differentiate 

intracellular organelles f'rom one another. 'l'bus wh:ile the smooth membrane 

fraction of ceUs was thought to contain the GollP- apparatus, identification 

could not be certain since the cla..ssical structure of the Golgi apparatus 

vas not preserved (Eagopian, Bosmann and Eylar, 1968). 'lhus the results 

obtained !'rom snch stud:i.es couJ.d not be accurate1y corre1ated vith ceU 

morphology. 

Recently, however, the methods of cell f'ractionation have been 

ilnproved, and fractions thougbt to be r:ich in Golgi apparatus bave been 

obt.a.1ned (Ko~ and Mollenhauer, 1964; Hamilton, JI.orré, et al., 1967; 
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Marré et al., 1968; Wagner and Cyn.1d.n, 1969; Fleicher, Fleicher and 

Ozawa, 1.969; Leelavatld et al., 1970; Marré, et al., 1970; Schachter 

et al., 1.970). Analyses of: these fractions for gl.ycosyltransferases 

have indicated the presence of N-acetylgl.ucosaminy1.transf'erases (Wagner 

and Cynldn, 1969; M::>rré, Merlin and Keenan, 1969; Schachter et al., 1970), 

ga.lactosyltran1'erases (Fleicher et al., 1969; 

1970; Marré, Merlin and Keenan, 1969; Schachter et al., 1970) and sialyl-

transf:erases (Schachter et al" 1970). This evidence implied a role of 

the Golgi apparatus in carbohydrate secretion. Such a role had also 

been indicated by radioautograph:ic studies wh:ich traced the fate of 

prote in precursors as described below. 

Evidence From Ra.d:ioautogra@c studies On the Intracellular Migration of 

Newly Syntherlzed Protems 

When rad:ioautographs of protein secreting cells are examined at 

various time intervals dter a.dm:in.istrat'ion of a labelled protem 

precursor, 'i t 'is possib1e to trace the fate oZ proteins wh:ich have 

become labelled. When this type of study was carr'ied out wi th pancreat'ic 

tissue, results obtained at the llght microscopie 1.evel (Warshawsky, Leblond 

and Droz, 1.96J) and at the e1ectron microscopie level (Caro, 1961.; Caro 

and Palade, 1964; VanHeyn:igen, 1.964) indicated that the amino ac1.ès vere 

incorporated i."'lto protein macroIT':olecules in the rough endoplasmic ret'iculum. 

When the fate of the labelled protein materlal in these cells was followed 

at later t1me inteNals after injection, however, 'it was found that by 30 

minutes dter injection !OOst of the labelled protein vas no longer in the 

rough endoJÙasmic reticul.um but lIaS concentrated in the Go1.g:i region of 

the celle From here the labelled protein appeared te migrate to zymogen 

granules and thence to the ae1.na.r lumen. S1.mi1a.rly in thyroià f:ollicul.a.r 
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ceUs, 3H-1eUCine was radioautographical.ly detected in the rough endo-

plasmic reticul.um at 10 minutes after injection, but at 1ater times was 

found to be concentrated in the Golgi regj.on, and then at the apex of the 

ce1ls (NacUer, Young, Leblond and Mitmalœr, 1964). A similar pattern was 

observed in other glandular cells which synthesize and secrete protein, ie, 

in mammary gland cells, (Wellings ana Fhi1p, 1964), mye10cytes (Fedorko and 

H:irsch, 1966), lymph node cells (Clark, 1966), ameloblasts (Warsbawsky,1966), 

osteoblasts (Frank and Frank, 1969), and plasma tumor ceUs (Clark, 1966). 

These studies indicated that the Golgi apparatus played a ro1e in protein 

secretion, a concept not altogether new, since as long ago as 19l4, Raaon 

y Cajal had suggested, on the basis of the appearance of the Golgi 

apparatus in stimul.ated pancreatic acinar cells, that the Gol.gi apparatus 

might take part in the process of secretion by the formation of secretion 

granules (Raaon y Cajal, 1914), and this interpretation was soon extended 

to many other secretory cells (Nassanow, 1923, 1924; Eowen, 1926). 

Simi.lar1y, the e1ect.ron microscopie appearance of the Golgi apparatus in 

Many cell types suggested the formation of secretion granules from Golgi 

saccul.es (Farquhar and Wellings, 1957r Dalton, 1961; Frei and She1don, 

1961; Hirsch, 1961; Zeige1 and Dalton, 1962; and many others). 

Evidence from Histochem::i.caJ. studies 

Another approach to the problem of determining the :i.ntracellular 

site of the carbohydrate R>iety of gl3Coproteins was te examine ceUs 

which had been specifica.l.ly stained for glycoproteins using the PA-Schiff 

technique (Leblond et al.., 1957). When such ceUs were ex.ami.ned, staining 

vas observed in some ceU secretions, and at the ceU surfaces. In the 

cytopla.s=, however, only one region took up stain, and th:i.s vas the Golgi 

reg:i.on, as observed in k:i.dney cells (KcHanus, 1948), intestinal epithel.1.a.1 cells 
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(Gersh, 194-9; Leb1ond, 1950; Moog and Wenger, 1952; Arzac and Flores, 

1952; Casselman, 1955), thyroid follicru1ar cells (Gersh, 1950), 

pitù:itary cells (Ra.cadot, 1954) and spermatids (Leblond, 1950). When 

the peri.odic acid sil.ver methenamine technique for use in the electron 

microscope vas perfected by Rambourg, Remandez and Leblond,(1969) and 

used to examine a variety of cell types in the rat, the Golgi apparatus 

vas found to be stained in both secretory and non-secretory cells. In 

adcti.tion, a gradient was found to occur in the intensity of staining, 

vith the last saccule on one side of each Golgi stack being heavily 

stained (mature face) whll.e the last saccule on the other side showed 

little or no staining (immature face). A simi1ar staining gradient 

of Golgi saccules was observed in many cells after staiJrl.ng vith phos­

photungstic acid at lov pH (Rambourg, et. a1., 1969) and in the columnar 

cells of small intestine at"ter sta.1ning of acicüc carbohydrate groups 

vith colloida1 iron (Wetzel, Wetzel and Spicer, 1966; Berlin, 19(7). 

'!hese resul.ts suggested that glycoprotein material. was being added 

onto secretory proteins as they passed through the Golgi apparatus. 

Rad:ioautograohic studi.es ut:i1izing Labelled Carbohydrate Precursors 

~ne obvious too1 for investigation of the intracellu:tar sites 

of addition of carbohydrate residues to glycoproteins was the radio­

autographic observation of cells after administration of labelled 

carbohydrate preeursors. Yet this method of investigation required 

that the preeursors carry a label sui table for rad:ioaatographic use. 

Kumamoto (1956) had showed radioautographically that after an injection 

14 
of C-glucose into rats, the label could he traced to the secretion 

products in many cells, but vith this isotope it vas not possible to 

loca1.ize the intraeellular sites of sjlnthesis. 
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By 1964, however, 3H-glucose had become avail.able, and was 

injected by Peter son and Leblond inta young rats. By radi.oautagraphically 

f'o11owing the label in the light microscope, these authors showed that 

at early t1mes after injection strong radioautagraphic react1.ons were 

localized over the supra nuclear Golg1. reg1.on of' many mucus secreting 

ceUs and chOndrocytes (Peterson and Leblond, 1964o.b). In a subsequent 

electron microscopic radioautagrahic study of' colonic goblet ceUs, 

0.. 

Neutra (née Peterson) and Leblond (1966) showed that at 5 minute' 

intervaJ.s after an IP inject1.on of' 3H-~ucose, reaction was localized 

over the saccules of' the Gol~ apparatus 1.tself'. At later time intervals, 

the label migrated ta nearby muc1.gen granules wh1.ch then m:i.grated te 

the ceU apex ta be di.sbursed 1.nta the lumen. '!bese resul.ts were inter-

preted ta indicate that the Golgi apparatus was the site of' addition of' 

the carbohyàrate moiety of' secretory glycoproteins in colonic goblet 

ceUs and probably other ceUs as welle 

However, ~-glucose was not an 1.deal precursor f'or the study 0+ 

glycoprotein synthes1.s. Althougb. in colonic mucosa, most glucose vas 

used for the synthesi.s of' gl.ycoprotein (Draper and Kent, 1963), in other 

t1.ssues such as llver and stri.ated muscle, much of' the glucose label vas 

incorporated inta glycogen, while in many t1.sSU8s such as li.ver and 

brain (Ga:i.tande et al., 1965), glucose liaS rapi.dly broken down ta gi.ve 

rise to amino acids. Furthermore, when label was incorporated 1.nto the 

carbohyàrate prosthet1.c groups of' glycoproteins af'ter J.rl-glucose 1.njection, 

the label cou1.d res1.de in any number of dif'ferent types of sugar res1.dues 

s1nce a.ll residues occurring in the carbohydrate moiety coul.d be derived 

from glucose (Dorfman, 1963. Spiro, 1963). Thus the label could occur 
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in residues near the attacbment of the carbohydrate moiety to the 

polypeptide chain, as well as in residues in the midcUe portion or at 

the free ends of the carbohydrate moiety. Since sugar residues are 

aciÇl.ed cnte a grc~-l'lg earbohydrate p...~stb.etic group one by one, t..'rl.s 

meant that label derived :!rom 3a-g1ucose cou1d be incorporated into 

the carbohydrate moiety from the beginning of its synthe sis unti1 its 

completion. 

Galactose, on the other band, did not directly enter the glycolytic 

pathway (w:ith the resu1tant formation of amino acids) as did glucose. 

Instead, exogenous galactose vas first converted to UDP-ga.1actose wh:ich 

May he c1irectly utilized for synthesis of glycoproteins or glycolipids. 

smce galactose residues are locàted near the ends of Many carbohydrate 

side cha.:ins, it cou1d he expected that :if the JH-galactose label was 

incorporated into such side chains as a %-galactose residue, it wou1d 

be added near the completion of synthe sis of the side chain. Vlhen this 

sugar became commercially avai1ab1e in tritiated form, its fate was a1so 

traced by means of light microscopie radi.oautography in rat tissues 

by Neutra and Leblond, (1966) and by Bennett, (1967). The labél was 
. 

found to he incorporated in the Golgi region not on1y of most mucus 

secreting cells but a1so of many other cell types as well, soma of 

which vere genera1.1y regarded as non-secretory. 'lhese 1.a.tter cells 

included intestinal columnar cells (Neutra and LebloDd, 1966; BaDl}ett, 

1961) and lddney tubule ceUs, various duct ceUs, stratified epithelial 

cells, and the endothe1ia1 cells of capillaries (Bennett, 1967). In 

ail such cases, t.~e reaction vas localized ta the Golgi. regi.on at early 

time intervals, but at l.ater times, vas locallzed along celi surraces 
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where 1.t rema:ined at the longest time interval stud:ied (5 hours) after 

inject1.on (Bennett, 1967). Since the surface of al1 cells studied in 

the rat had been shown ta be the s1.te of a surface coat composed of 

glycoproteins, (Rambourg, Neutra and Leblond, 196(;), 1.t was hypothes1.zed 

that the label in these cells was migrating to the cell surface to be 

added to t.lte cali coat~ (Neutra and Leblond, 1966; Bennett, 1967). 

At t.1üs time 1.t was decided ta investigate the above phenomenon 

:Ln more detall, using electron microscop1.c radioautography. '!he cell 

type selected for tbis study was the duodenal villus columnar cell 

since the radi.oautographi.c react:ton over the Golg:t reg:ton of th:i.s cell 

type vas part1.cuJ.arly heavy after ~-galactose inject1.on. 'lh:is cell also 

lent 1.tself to radioautagraphi.c stuclies at bath the light and electron 

microscopie levels in that 1.t was a fa:trly large po1a.r1.zed cell in 

which the Golgi apparatus occupied a well defined supranuclear posit1.on. 

This fact made interpretation of light micrascopic radioautographs 

easier and afforded a greater degree of accuracy in assessing s1.lver 

grains to specif1.c organelles in electron microscopie radioautographs. 

Experimental Pla." and Re sul tins Contributions 

1. Electron microscopie radi.oautographic studies were carried 

out on the duodenal villus columnar cells of the rat after inject1.on 

of 3:-i-galactose label. Radioautographs were exaDrlned from animals 

sac~1.ced as early as 2 minutes and as late as 5 bours &fter injection. 

'lhe resuJ.ts of these studies showed tha.t the Golgi apparatus 

itself vas the actual s1.te of incorporation of 3:t-ga1.actose 

label into glycoproteins. 1he results st..~ngl:r indicated 

that this labelled glycoprotei.."'l migrated to the apj.cal surface 
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ta be added ta the cell coat, and also suggested some passage 

of' label ta the lateral ceU coat. In addition, some evi.dence 

was prov:ided concern:i.ng the mechanism of' transport of' this 

labeUed ma'terial..
1 

One of' the problems encountered vith the use of' 3H-galactase as a 

precursor, however, wa.s the presence of' scattered label in the cyto-

plasm of' the ceUs, espec1.al.1.y at later time intervals af'ter injection. 

Th:is scattered labelling made :i t very dif'f':icuJ. t to de termine whether 

or not react:ion over t..1te lateral cell membranes ex:isted. 

At th:is time a new precursor of' the carbohydrate mo:iety of' 

glycoproteins became comme~cia.ll.y available, namely L-f'uco~e-3H. 

This sugar had the advantage over those prev:iously used in that :it 

was not converted ta any other sugars and did not break clown when 

:injected into the body but in s'te ad vas incorporated directl.y into 

glycoproteins as a f'ùcose residue. Furthermore since f'ucose occurs 

only at the ends of' the carbohydrate ride cha:ins of' glycoproteins 

(Terl-Table II) (Spiro, 1970), it wou1d likely be one of' the last 

sugars added. 'lhus the intracellular site at which 3H-f'ucose label vas 

:incorporated inta g1ycoproteins wouJ.d probably represent the site of' 

completion of syntheris of' those glycoproteins. Because of' these 

features, it was hoped that the use of' this precursor 'W'ould prov:ide 

a clearer picture of' glycoprotein synthe sis and migration in the 

duodenal villus columnar celle 'l'beref'ore ••• 

2. Radioautographj.c studies vere carried out at both the light 

and electron microscopie levels on duodenal villus columnar ceUs f'rom 

1. Since the ~1o!"!!Ultion obtained f'rom the f'ol.1owing r~autographic 
studies vith %-!'ucose l..argely superceded that obtained w:ith :î-gal..aetose, 
the resul.ts of this preliminary exper1ment a....-e not d:i.rectly reported in 
the Resul:ts section of' this thesis, but are àiscussed in the D1.scussi.on 
section (see al.so Bennett, 1970). 
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animaIs sacrificed at time intervals varying from 2 minutes to 

30 bours after 3H-fucose injection. 

The results obtained from these studies cont'irmed the 

pat-lmay of synthe sis and migration of glycoproteins shown 

ldth 3H-galactose. In addition, strong ev:i.dence vas obtained 

for the passage of 3H-fucose label from the Golgi apparatus 

to the lateral and basal surfaces of the celi and also for 

the passage of label from the Golgi apparatus to lysosomes. 

Grain counts performed on electron microscopic radioautographs 

and counts of labelled and unl.abelled lysosomes provided a 

quantitati.ve analysis of this migration of label. 

At this time, a tecbn:ique had been recently perfected by Hambourg 

(1969), whereby t )l thick sections of glycol methacrylate embedded 

tissue coul.d be stained specifical1y for glycoprotein using phosphotungstic 

acid at J.ow pH, and then examined in the elec'tron microscope. '!herefore ••• 

3. It vas decided to attempt to combine the above technique with 

radioautography in order to see if the loca.l1.zation of 3H-f'ucose label 

in the duodenal. v:ll1.us columnar ce1ls correlated with positively stained 

structures. 

A technique vas succes sful.ly dev:i.sed iÎl wh1.ch t P. thick sections 

of glycol Methacrylate embedded duodenal tissue could be 

subjected to electron microscopic radioautography and then 

postst.ained specifically for glycoproteins using phosphotungstic 

acid. When radioautographs from anima1s sacrificed at dif'ferent 

t1me intervals after 3:i-f'ucose injection were examined, the 

results showed that the label vas almost cocpletely local1zed 

to sites specif"ica1l:; stained for glyeoprotei.."'ls. 
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Another eeli type whieh had exhibi ted a strong radioaU'tograph:ic 

reaetion at its sur~aees a!ter Ja-galactose injeetion ~as the hepatocyte. 

In view of the importanee of this celi type, it vas deeided to investigate 

the distribution of 3g-fueose J..abel. in tlds celi type at both the light 

and el.ectron microscopic l.evel.s. Therefore ••• 

4. Light and el.ectron microscopie radioautograph:i.c studies vere 

earried out on l.iver tissue from animals saerificed at various ti.me 

interva1.s after %-fucose injection. The fo1.lowing observations vere 

made. 

As in duodenal. villus col.umnar celis, the %-fucose label. vas 

at first l.oeal.ized in the Golgi compl:exes of t.hese ce1.ls and l.ater 

it appeared to migrate to the various celi surfaces and to 

l.ysosomes. Grain counts, and COmlts of l.abelled and unl.abelled 

l.ysosomes provi.ded a qu.a.nttbt:i.ve ana1.ysis of these phenomena. 

Fina1.l.y, i t was of interest to know the general dist..~but:ion of 3H-f'ucose 

l.abel. in a1.l. rat tissues and to compare this to the distribution of' 

prerlousl.y used precursors. Theref'ore ••• 

5. Radioautographs of' paraff'in sections of' sampl.e pieces of' 

nearl.y ail tissues and organs of the body vere prepared and examined in 

the light microscope. 

>d-fucose was found to be incorporated into the Go1g:i region 

of' a g:reat variety of' celi 't-JP9s and to undergo various fates. 

Among tbese were its passage into mucus and serous celi secretions, 

its passage into the ground substance of a number of tissues, and its 

passage to the celi surf' ace s of many ee1l.s. 
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Radioautographic experiments wa~ carr:led out in ~ using 

3H-fucose as a precursor, as stIIIIIIIIrizedin Table 1. The exper:1JDentaJ. 

an1 .. 1 s vere Shenu.n rats, uauaJJ.y of the mal.e sex, and lI8igb1.ng 

approxillately 30-40 grams. The am ma] s ·vere bred in the Department 

of .Anatomy at McGill. Urdvarsj.ty. 

Isotope 'dm' n1s'tration 

The ~Fucose-3H vas parcbased trom New England Muelear Q)rporation, 

Boston, Massachusetts, and had a specUic activ1ty of 4300 re/d. The 

isotope vas dissolvad in 90.' ethanol. Immed:iat&ly pri.or to use the 

isotope solution vas evaporated ta dryness in a Flash Evaporator 

(Bw:h1er Instruments, Fort lae, New Jersey); then the isotope vas 

red:issolvad in 0.15 JIÙ. of dist1lled vater, and transferred to a 1 m1 

tubercu1in syringe. 

The isotope vas adndn1s'tered ta the anima] in a single injection, 

intravenously via the externaJ. jugular vain. '!he external jugular vain 

vas surgica11y exposed vbil.e the an1 •• 1 vas under ether anaesthesia, 

and the syringe needle vas caretul..l.y inserted into this win at ita 

junct:1on vith the cepàa]1c veine 

Sacrifice of An1 mal S and ID1. tial Fixation of Tissues 

Perl'usion fixation 

In aJ..l exper1llents, the ."., .. ] vas sacrUiced by intracard1ac 

perfu510n or the ."" •• ] vith fixative. In order ta ensure an adequate 

ox;ygen supply ta the an1_' during the s'teps 1.1aItdiately prior ta 

perfusion, a tracheotom,y vas pert'ormed on the amma l as rollovs, at 

2 mnutes prior to the t:1me or sacrifice, the anima' vas anaesthetized 



TABLE l 

RADIOADTOGRAPHIC EXPERIMENTS 

Experiment Isotope Speeif'ie Dose '1'1me of Humber 
Number .Activity (pc/g body vt) Sacrif'iee or 

(w:/mH) (arter AldmaJs 
in,leetion} 

1 Ir-héo.e-3H 4300 120 2 min 2 

2 L-Fucose-3H 4)00 120 5 min 1 

3 L-Fucose-3H 4300 120 10 min 1 

4 L-Fueose3 H 4300 120 20 min 2 

5 L-Fucose-~ 4)00 120 35 min 2 

6 L-FI1cose3 H 4300 120 lbr 2 

7 L-Faleose3H 4300 120 li br 1 

8 Ir-Fueose-~ 4)00 120 4br ) 

9 L-Flleose3 H 4)00 120 22 br 1 

10 L-PUeose.JH 4)00 120 30 br 1 
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vi th ether. The trachea vas surgical1y exposed and a 2 lIIIl verU.cal 

inci.s1.on vas made in i. t just above the manubrium. 1'hrough t.h:is 

inci.si.on, a pol.yethy1ene catheter (Venocath 16, No. 4816, ~t 

taboratories, North Odcago, Ill:1noi.s) vas inserted and secured in 

place vith a cotton tbread ti.ed arolD'ld the trachea. 'l'be catheter 

vas then connected by means of a rubber tube to a stoppered glass 

.A. m1.xture of 9~ 02 and ~ ~ 

vas fed by another rubber tube into this glass vessel. froDl a cora­

pressed source, and bubbled through the ether so that vapours vere 

forced into the tube l.eading to the trachea. .A. by-pass shunt 

:, around the ether bott1.e vas aJ.so prov.1ded so that the aniJIal could 

recei.ve a pure mixture of Gz/OO2 1dthout ether. F1nall..y, a mechani.sm 

for artUi.c1.al. respiration of the an'''' after the thorax vas opened, 

vas prorlded by placing a gl.ass tube conta1ning a perforation (_ 

c:H.a..ter) between the catheter l.ead1ng into the trachea and the 

rubber tube cOllling iro. the ether bottle. By placing a f1.nger over 

the hol.e, ether vapours or GzI ~ coul.d be forced into the 1ungs, 

vhil.e remorlng the f1nger !rom the bol.e aJ.l.oved the an1.l to expire 

a:1.r troa the l.ungs. 

Once the tracbetomy vas compl.eted, a lIIid-sagittal. line 1ncisi.on 

vas .. de tbrough the abàomi na]. wall. iro. the external geni ta1.i.a to the 

sternua. jddit1onal. 1nc'1s1.ons vere aade along the ~er1or border of 

the rib cage on ei.tber aide. the sternUll vas tben sect1oned. lllid-

s&g1. tt.al.ly to open the thorax, at 1Ih:1ch t:1ae, an asdstant co_nced 

&1"t11'1ci.al respiration as described aboYe. 'l'hen the diapbraga vas eut 

along i. ta 1nsel'UoD aro1ZDd the rib cage, and by grasping each hal.t of the 

sternum vith a pair of curved hemostats, the ribs vere refiected J..t:l-al..ly. 
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the right a~1DR of the heart vas then perf'orated vith fine 

sCissors,and the heart vas grasped between the thumb and f'oref'inger 

of' the l8f't band. A po1yethy1ene catheter (Venocath-16 No. 4816, 

Abbot taboratories, North Odcago. Dl1nois) vith a bevel.l.ed tip at one 

end. and attached to a perf'udon pump at the ot.her. vas then inserted 

d1recUy into the 1ef't ventric1e at the apex of' the beart. The 

perfusion pœap vas started just bef'ore insertion of' the catheter, in 

order to expe1 air babb1es f'rom the catheter. 

The perfusion pDIp (ltim.stal. tic Pamp, Cat. No. 72-894-21, M:1nostat 

Corp. 20 N. Moore st •• New York 13, New York) vas preset at cH.a1 re&ding 

3. F1.xative vas stored in a 1 liter intravenous botUe (Abbo-Liter 

Contd.ner) suspended on aD intravenous stand and fed into the pump by 

.. ana of' a cH.sposab1e plastic tube (Venopak 78-, Disposab1e Venoc1ysis 

Set. No. 4631 (13). 4bbot Laboratories LiJld.ted. Hontreal., Canada). 

Fixative vas f'orced into the beart using the puap f'or fi" JII1.nutes, 

atter Vhich tilDe the puap vas t\11'"D8d off' and the fixative allowed to 

nov by grav1.tyal.one. The nov vas adjusted te 60 drops per llinute. 

aDd vas all.owed to cont1n'U8 f'or aD additional 15 minutes. 

Perfusion Fixatives 

'!'he fixative used vas 2.~ gl.uteral.dehyde (d1.1ut8d from TüB 2~ 

gl.utera1de~ or Ladd 7f11, gl.uteral.de~e) in 0.05 M. Sorensen's 

phosphate buf'f'er. vith 0.1~ sucrose and 0.25 or 1~ non-radioactive 

L-hcose added te the bat'f'ered fixative. 'l.'be f'iDal. osmol.ality of' the 

fixative vas about 470 .osll at a pH of 7.2. 

LIGHT MICHOSCOPY. Histological. and RacH.oautovaph1e MBtbods 

Re.oval. of' 'f.1SI1J8! 

Atter perhsion vas cOllpleted. the tissues vere re.oYed t'rom the 

animal as f'ollovsl Se~nts of' Uver tissue vere rewoved and processed . 
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for event1UÙ embedding :in either paraf'fin or epon as described be1ov • . 
Then the remainder of the l:iver vas dissected avay"to expose the st..oJuch 

and intestines. The gastro:lntest1nal. tract vas relllOved as a unit aDd 

1mmersed in 2.:If, g1.uteralde~. Then segments of the stoaach, duodel1\Dl, 

jejunum, ileum, and colon vere talœn and processed for embeddiDg iD 

paraf'fin or epon. F1.nal1y, pieces of .,st of the other organs and tissues 

of the animal vere reJlOved and processed for paraf'f':ln embedd1.ng. 

Paraf'f:ln &lbedd1ng and Rad:1oautography 

Bllbedd1ng 

Tissues to be embedded :ln paratf:ln vere pl.aced :ln Bouin's fixative 

ovem1.ght, and vere then further t.r1mmed and transferred to 7~ etbano1. 

Before transfer to 7~ ethano1 hollever, pieces of bard tissues, such as 

the knee joint, vere decal.citied by ÏllllErsion in 4.1~ disodilDD ethy1-

enedjeJl1 n etetra-acetie acid (EDTA)·· (Fisher Scient1.tie Co.) vith O.~ 

sodium hydrorlde added (isotonie at pH 7.4) at 4·C until. they vere soft 

enough for seetion1ng. Mter deea1c1.tieation, these tissues vere 

transferred to co1d 0.15 M Sorensen's phosphate butter (pH 7.2) over­

night to remon the ED'U, and vere tben pl.aced in 7fY1, ethano1. 

lll. tissues were deh3drated b;y transf'er tbrough a graded series 

of ethano1 sOl.utions, i.e. 1 bour in each of 7~, 9~, and 100,& (2 

changes) ethaDo1, and vere then double embedded in celloidill/para:rf:1n. 

In this procedure the tissues vere successive1y 1Jraersed in the 

fol.l..owing so1utionsI 1 hour in 111 (V/V) _thy1 benzoatel ethano1, 

1 hour in pare 1IBtby1 benzoate, 24 bours in 2'fo eelloidin (in 1IIIBthy1 

bensoate), 24 bours in 1~ celloidin (in methy1 benzoate), 24 hours in 

benzene (4 changes), 1 bour in 111 (V/V) benzeD81 paraffin, 1; bours in 

pure paraffin at 52°C (3 changes). 'l'be soft tissues, about 30 in nuaber, 

1I8re t.hen eabedded in one puoatfin bl.oek, vh1l.e the bard tissues vere 
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embedded in another bl.ock. 

staj ning of Paraffin Seet1.ons 

Tissue sections 5)l in tb:ickness were lIOunted on glass sl:ides; 

these vere then deparaffinized and stained nth one of the following 

staining procedure s • 

1) Routine hematoxylln and eosin staining. 

2) '!he periodic ac:id Seh1.ff (PA-Sehiff) technique (MeKanus, 1948) 

for the detection of the vi.cinyl bydroxyl groups of glyeogen and 

glycoproteins (I.eblond et al, 1957; Pearse, 1960), followed by counter­

stajning vith bematoxylin. 

3) the colloidal :iron stain for the detection of ae:id.1e carboxyl 

and sul..furic &cid groups of carbohydrates (Mowry, 1958, 1963), folloved 

by counterstajning nth the Feulgen stain for nuelear ŒA (Pearse, 1960). 

~lase Ï'reatment 

Deparaf'f1n:ized sections on glass slides vere 1mmersed in fresh 

fUtered saliva at 60 degrees C for 20 minutes. Control sections vere 

subjected ta a 60 degrees C vater bath for the same t1me interval. The 

sections vere subsequently stai.ned vith the PA-Sehif'f technique folloved 

by be.atoxylin. 

Radioautography 

S11des vere radioautograpbed by the coating tecbn:1que (Kopriva and 

Leblonci, 1962) using Kodak NTB 2 eJll11.is:ion. Atter suitable exposure 

t1.mes, sl.1des vere exposed in groups of four, one sl:ide sta.1.ned 1dth 

each of the three I1118thods outl.:ined Aboye, and one slide treated 1dtb 

amylase. 

Epon Eabedding and P.4d:1.oautography 

Babedding 

Pleces of liver and intestine vere rell30ved from the ani.mal and 
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placed in a few drops of fixative on a sheet of dental wax. The liver 

tissue was eut into smal1 pieees about 1 mm in <liameter vith a razor 

blade. Lengths of intestine vere eut into short 'dougbnut sbaped' 

sections about 3 mm long, and then eaeh 'doughnut shaped' section 

vas cut in bal.:f' so that wo 'bal.f-doughnuts' vere f'ormed. The tissues 

vere then f'ixed for an additional 2-) hours in the same f'ixative as 

ued for perfusion, and rinsed overn:ight in cold 0.15 K Sorensen's 

phosphate butfer (pH 7.2). 

The tissues vere postfixed f'or 2 hours in 1~ osmium tetrorlde 

in 0.1 H Sorensen's phosphate buf'f'er, and then dehydrated by transfer 

through a graded series of' ACetone solutions at room temperature as 

f'ollows 1 10 minutes in eaeh of 3~, 50.', 70.', and 9rJ1, acetone, and then 

three 15 minute intervals in fresh 10~ aeetone. 

EDibec:Jdjng vas done in a mixture of 42.7 ml Epon 812, 43.2 ml. DOSA 

(Dodecenylsuceinic Anhydride) and 14.1 ml. NMA (Nadie H!thyl Anhydride), 

vith 2.0 ml. JJœ-30 (2,4,6,-Tri(dimethYlaminoEthyl) phenol} added (.Ul 

reagents f'rom Fisher Scientific Co.). The tissues vere transferred from 

the pure &Cetone to a mixture of' 2 parts ACetone 1 1 part epon 1( 1 hour), 

1 part ACetone 1 2 parts epon (overrdght), and then pure epon ( at least 

1 hour). The tissue pieees vere then placed in inverted Beelll capsules 

(BBtter Equipaent Electron Hicroseopy, Bronx, New York), f1l1ed vith 

epon mixture, and pol3merized for 3-4 days in a 60 degrees C oven. 'l'be 

pieees of intestine vere orientated in the eapsu1es so that the lUIIIIBn 

side of the 'hal..f -doughnut' f aced do1lll1lards. 

Preparation of Sections for Radioautography 

Epon bloeks of l1ver or intestinal. tissue vere triJzaed, and t m1.el"on 

thiek sections vere cut vith glass knives u.s1.ng a Porter-mum MT-l Ultra­

mcroto.e. 'lhese vere pl.aced vith a vire loop CIl glass sl1des. 

1. "epon- M!fers te above mixture 
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Ra.clioautographY and Post-sta.in:ing of Sections 

Slides vere radioautographed by the coating techrrlque (Kopr:i.wa and 

Leblond, 1962) using Kodak NTB 2 emulsion. M'ter suitable exposure 

times, the slides were developed and then stained by immersion in 

freshly filtered toluidine blue. 

EŒCTRœ MICROSCOPYI Cytologica.1 and Radioautogaphic ~thods 

For electron microscopic studies, MOst of the tissue used was 

embedded in epon as descr1.bed above, but" in some studies, duodenal 

tissue was embedded in glycol methacrylate. 

Kpon Embedded T1.ssue 

Preparation of sections for Electron Microscopie Exam1 nation 

EpoD blocks of 1iver or intestinal tissue vere trimmed, and t micron 

thick sections vere cut w:ith glass knives using a Porter-m.um MT-l ultra­

microtome. 'lhese vere exam:ined in the 1ight microscope, and areas suitable 

for electron microscopie exam1nation were selected. In the case of 

duodenal tissue, in al1 experiments except numbers 9 and 10 (Table I), the 

region of the lover th1rd of the duodenal. vll.1i was chosen J in the latter 

experiments, the region of the apical. third of the duodenal villi was chosen. 

'!he epon blacks vere then further triDmed 50 as to include only the region 

chosen for examination. Ultrathin sections (gold-silver interf'erence colors, 

700-1000 A') (Pease, 1964) were cut vith either glass knives using a Porter­

Blum MT 1 Ultramicrotome, or a <liamond knif'e using a uœ Ultrotome ul.tra­

microtome. Sections for morphologica1 studies vere placed directly on 

copper grids, stained ldth alcohollc uranyl acetate (Pease, 1964) for 10 

minutes, f'ollollled by lead citrate (Reynolds, 1963) for 10 minutes, and 

then ex.amined in a Siemens El..mskop l or Hitachi liS-7S electron microscope. 

Preoaration of' Sections for Electron MicroscoDi.c Radioautogradty 

Ultrath1.n sections vere placed vith a vire loop on glass slldes coated 
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ldth cello'idin f.O.&f, in :1so-8IIl7~ acetate (Fisher Scientitic Co. ~ and 

d:ipped in ll.qu:1d D.f'ord IJ.4. elll1Ù.sion (ILf'ord Limited, D.!'ord, lmg1.and), 

using a sem1-automatic device (Kopriva, 1966). Af'ter su:1:ta.b1e exposure 

tilDes i the radioautographs vere developed. Deve10paent vas usuall.y in 

D19b (Kodak formula) developer for 2 minutes at 20 degrees C (Kopriva, 

1967), but in some cases the r~oautographs vere developed in Klon/ 

ascorbic acid developer for 6-8 minutes at 24 degrees C dter g01d 

1atensif'ication (modif'ication ot Sal.peter and Bachmalm, 1964). The 

radioautographs vere f:1Jœd tor 2 minutes in 2~ sodi\Dll thiosu1.f'ate 

(Fisher Sc1.entif'ic Q).). The ce1loidin vas then stripped trom the 

slides by fioating on vater and the sections vere pick.ed up on copper 

grlds. 

For s'ta1ning, the grids vere fioated, elll1Üsion side dovn, over a 

drop ot ur8lly1 ACetate for 10 minutes,.. and then over 1ead citrate tor 

30 minutes in a chaaber rree ot carbon dioxide. 'Blese vere then 

exam1ned in a Siellllms Elmskop l or Hitachi HS-7S electron microscope. 

RacH.oautograpb.y of Gl.yco1 Hethaery1ate Embedded T'issue 

Preparation ot Tissues for Elllbedding 

'!'he init:1a1 trea'blent of' tissues to be embedded in g1ycol meth­

acrylate vas the s.-e as that described above tor epon embedded tissuea, 

i.e. pieces of' duodenua vere removed froll a perf'used an1 .. 1, tr1Jamed to 

the shape of' 'balf-dougbnuts', f1xed tor an add:1tional. 2-3 hours in the 

SUII8 tixative as used tor perf'usion, and then.r1nsed overnight in col.d 

0.15 M Sorensen's phosphate butter (pH 7.2). 

the tissues vere DOt post-tixed in osmiua tetrox:1de, however, but 

vere instead d1rectl.,y embedded in gl.ye01 .etbacry1ate. 

&abedding in Qbeol Metbacry1ate (G!!l) 

1he embedding technique usee! vas tUt of' Dr. A. Rambcrarg, arter 
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E. ~duc and W. Bernhard (1967). .Al.l. steps vere carried out at 4 degreeslC . 

The solutions used vere the f'ollovinga (.Al.l solutions vere frolll Pol.ysciences 

Inc., Rydal, Pennsylvuda, 19(46) 

1) Bltyl Methacrylate Solution 

-100 111. Butyl Methacrylate 
-2 gIIl. LOPEROO CDB (mchl.orobenzoyl peroxide) 
- f'U ter the lIixtUre 

2) ~ mu. 

-80 .al. GlU. 
-20 ti. disti.11ed water 

-97 ti. GMl 
-) 111. distilled vater 

4) Flna.l Solution 

-7 parts 9~ GlU. 
-) parts Butyl Hathacrylate Solution 

5) Prepol.ymer 

-Prepared in advance by beat:1ng a fiask of' the F.1nal Solution 
over a bunsen humer very slovly and caref'ull.y unt11 the exact 
-.ent vhen the Final Solution took on the consistencyof' honey. 
Than to stop f'1.uot.ber pol.ymerization, the fiask of' Final Solution 
vas quickl.y pl_pd into a bath of' ice vater. '!'he t1"ng of this 
step required considerab1e cue sinee the Final. Solution reJUjned 
at the consj.stencyof honey f'or only a fev seconds bef'ore 
becom:1ng f'urtber pol,.erized if the appl:1caUon of' heat vas 
continued. The prepolJmer prepared by the abave _thod couJ.d be 
lœpt inclefini. tely at -20 degrees C. 

S::1.nce glycol D3thaerylate 1s vater soluble, no deb,ydration of the 

tissues vas neceSsal"y1 f'roa tbeir overnight storage in 0.15 M Sorensen' s 

phosphate baffer they vere passed successively through t1ft) le m1Dute 

rinses of' ~ G~, one 20 minute r1.nse of' m GlU., one 20 minute rinse in 

a m.xture of 1 part m GKA.. 1 put. F1nal. Solution, and a f':1nal 20 mnute 

rinae in pure Final Solution. 'l'be tissues vere tben lœpt overn:1ght (12 bours) 

in Prepol.JrB!r ~ and tben vere eabadded in Gelatin capsules. After all ajr 
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bubbles had been elimjnated fre1ll the capsul.es, caps vere pl.aced on, and 

tinal pol;ymerization vas achieved by keeping the caps1iJ.es und.er an 

u1:trarlolet light for 26 hoœ-s. 

Preparat1.on of Thin Sections for Electron H1croscopic Ex.ndnation 

1'be bl.ocks of glycol methacrylate embedded duodenUlll vere trilImed, 

and 1 )l thick sectj,ons 1I8re cut vith glass knives using a Por'ter-Bl" 

MT - 1 UltramicrotoJDe. '!hese _re examined in the light microscope, and 

areas su:1tabl.e for electzoon microscopic exam1lation vere selected. 'lbe 

blocks vere tben t.rbIIed so as to include only the area cbosen for 

ex·wlnation. Ultrath1D sections vere eut vith glass lm:ives, and vere 

stai.ned vith phosphotuDgstic &Cid by noating for 30 minutes on an aqueous 

solut1.on ot 1 ~ phospbo'bmgstic acid (PrA) (Baker Oleaica1 Co., Ph1llips­

berg, 1. J.) contailnng 10 ti ot 36.~ (10 N) h3'drochloric &cid (Fisher 

Scientific Co.) per 100 al solution. To transf'er the sections trom the 

JII1.crotoJDe vater bath to the st41n1ng solution, loops made ot thin sbeet 

plastic vere used, aM the sections remained in these loops vhile tloating 

on the s"t4lining solution. 'l'he use ot vire loops vas avoided in order to 

prevent corros1.on ot the JD8tal. duri.ng s'taining. Wben sta1n1ng vas complete, 

the sections vere reJIOved fro. the S'tai ning solution by means ot the loops, 

and vasbed tor a ff!IW seconds by fioatillg on dist1l.l.ed vater. ''l'he vashing 

period vas restri.cted to only a tev seconds to prevent unspecitic sta1n1ng 

by the rema:bdng free pbosphotungsic acid in the section at the elevated 

pH ot the vater bath. 'ftIen the sections vere picked up on copper grids, 

al.1oved te dry, and exaa:1ned in the electron 1Idcroscope. 

Pl-epa.ration ot t po Sections tor Electron Hicroscopic Rad1oautography 

t p. sections vere eut and vere placed vith a vire loop on glas s 

slides coated vith celloidin (O.~ in iso-aayl acetate). 1bese vere cH.pped 
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in 1iqu1.d Ilford. lA- emu1s1on, using a sem-automatic device (Kopriva, 1966). 

Atter sui table l.engths ot exposure tDle, the r4(Ü.oautographs vere d~vel.oped 

in Kodak Microdol. devel.oper ~or 4 minutes at 18 degrees C, tol.l.owed by a 

vater rinse, and then 10 minutes tixation in 3~ sodi.lDIl thiosul.f'ate 

(Fisher Scient1f'ic Co.). The celloidin vas then stripped otf of the sl.ides 

by fl.oating on vater, and the sections vere piclœd up on p1.atinlDll grj.ds. 

Platinua grj.ds vere u.sed since these vere resistant to corrosion by the 

subsequentl.y used PTA stain:1.ng sol.ution. 

To rellOve the celloidin l.ayer t'rom the sections, the p1.atinUDI grids 

vere 1JmDersed in iso-_yl. ACetate for at l.east 5 minutes, &tter which tbey 

vere rinsed by fioating over night on distil.:Led vater. ~ sections vere 

sta1ned by fioating the gr1.ds, section side down, for 20-60 lII1nutes, on 

an aqueous sol.ution of 1~ pbosphotungstic acid containing 3 JIll. of J6.5~ 

(10 N ) hydrochl.oric acid per 100 lIÙ. sol.ution. 'lbe grids vere then removed 

from the st.a1ning sol.ution, vashed by fioating for a fev seconds on distilled 

vater, dried, and evm1 ned j.n a Siemens Blmskop l set at 60 or 80 K. V •• 

Ana1ysis ot Elec'b-on Microscopic Rad:1oautograpb:ic Data 

Counts ot SUver Grains 

In order ta quantitatively anal.yse the distr1.bution ot 3u-fucose 

label. in cells at ~erent tilDes af'ter injection of the l.abel., counts ot 

sUyer gra.:1ms vere made in rad:ioau'tographs rroa animal S sacr1f'iced at 

d:1.tterent tiIM interva1s. 

Since each sil.ver grain vas considered to represent a source of radio­

activi.ty in the tmclerlying tissue, an attempt vas made to classity each silver 

grain in teras of the type of organelle contaj n1.ng i ts radioactive souree. 

In el.ectron m:1.croscop1c radioautographs this problem i.s compl.ieated by the 
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f'act tbat the source of the radioactirlty that causes a grain to be 

f'ormed is not necessarily located in organelles d:irectly helov the grain , 

but may he located some distance avay. This is because a beta-ray emanating 

f'rom a radioactive source in the tissue section may travel more tbaD one 

mcron,aDd could theref'ore stri.ke sUver broDdde crystal.s in the emulsion 

other th&D the one or tvo crysta1s d:irectly above it. Nad1er (unpu.blisbed) 

bas exam1ned this problem and bas concluded that in the case of' a 0.1 J1 thick 

tissue section covered by an emul.sion consisti.ng of a closely packed moDO­

layer of' spberical. sUver bromide crystaJ.s vith 0.1 micron diameter. there 

would he a 9~ probabll:1ty that the source of' a given grain vould be located 

vi th1n a distance of' 2250 A' froID the center of' the grain. 1'b1s conclusion 

dif'f'ers frOID tbat of Bacbmann et al. (1968) that the probabil:1.ty of a sUver 

grain being vithin 2250 .A.' of a point source is only ~. but i8 in agree­

ment vith the data of Caro (1962) indicating that, vith a 600 A' phage as 

rad:ioaetive source. m of the grains vere located vithin a distance of 

2250 A' f'rom the edge of the source. 

In a photographic prlnt of an electron 1Iicroscopic radioaut.ograph 

magnitied 30.000X. the 95f, probab1lity distance lIOuld be 6.7 1IIIl. When 

elec'tron Dderographs in the present study vere developed vith »19 b 

developer for tvo minutes at 20 degrees C, as vas usua.ll.y the case, and 

vieved at 30.OO0X magnif'1.cation. the average d.ialeter of s1l.ver grains wa.s 

found to be approxilllately 8mas. '1hus it vas reasoned that if' a cellular 

organelle lay vi thin a distance somevbat less tban the vidth of a sUver 

grain tram the center of that silver grain, the organelle could be considered 

to be vithin the 9'J1. probabUity d:1.stanee frOID the center of the grain, 

and eould tberefore be considered as a possible source of radj,oa.etiv1ty 

for that grain. To put it another vay, Any organelle vhich vas separated 
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from a sl1ver grain by less tban hal.f the latter' s width could be 

considered a'possible source for the grain. 

For the purposes of grain countjng, sUver grains occurring over 

ceUs vere classified as either being over specific organelles in the 

cell- sueh as the Golgi apparatus, lysosomes, or celi surfaces in 

duodenal columnar cells- or being over the remainder of the cytoplasm. 

It is obvious from the above discussion that any silver grain lying in 

the cytopJ a sm. separated by less than half its vidth from one of the above 

mentioned organelles, could have as its possibl.e radioactive source l'lOt 

only the organelle in question but also the "remainder of cytoplasm" 

comp&rtment. For reasons discussed more fully jn the discussion section 

of th:is thesis, however, sil.ver grains in the above situation were classified 

as being over the organelle near ta vbich they vere located. Orù.y grains 

located over the cytopl.a.sll further th.an one hal.t their own width away from 

any of the organelles specUical.l.y ment:ioned above vere l:i.sted as be:1ng 

over the rema:1nder of the cytoplasm. 

When the grain counts vere completed) the percentage of the total. grain 

count over each of the above cell componants vas ca:lculated at each time 

intervaJ. studied. 

Counts of Lysosomes 

For anal.ysis of the label,lj,ng of lysosomes in cells, a second approach 

vas aJ.so used. Counts of labelled and unlabelled lysosomes vere made tram 

radioautograpbs. A lysosome vas counted as labelled only if a s1.1.ver grain 

lay over it or appeared ta touch it. Lysosomes vere classifie<! as being 

either dense bodies, bodies nth 1-3 vesicles, or lIl1Ù.tivesicuJ.ar bodies, 

as descr:ibed more ful.l.y in the resul.ts section. '!he percentage ot labelled 

l.ysosomes of d1.ff'erent types vas cal.culated at each t.ime interval &fter J.n­

fucose injection. By this method, a rough measure of the specifi.c activity 

/ 
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o~ labell:ing of the lysosomal. popu1ation at d:if'~erent time interval.s 

vas achieved. 

Counts of S11ver Grains .lSsocuted With Cytoplasmi.c Vesicles 

In order to de termine the importance of the assoc'iat:i.on of soma 

silver grains vith cytopl.asDJic vesicles 1n duodenal vi.llus columnar 

cells, CO\U'lts vere made of the number of silver grains associated 

vith such vesicles. A method vas then devised to determine the 

expected frequency of association of silver grains vith vesicles if 

the silver grains vere randomly distributed over the celle 'l'be detai.1s 

of this method and the criteria used 1n maldng the .bove COlmts are 

descri.bed in more deta:il jn the Results sect:i.on o~ this thesis. 
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RESULTS 

KORPHOLOGICAL ABD 1WnOAUTOGRAPHIC OBSERVA'f'I05S ON DUODENAL TISSUE 

MorPh0lodcal Observations 

Architecture o~ Duodena1 Hlcosa 

Although the general structure ot the s-U intestinal. DlUCosa 18 

vell kno1lll and bas been the subject· ot excellent rev1evs (see Toner, 

1968), var1at1ons ex1st d.epending on the age and spec1es of' the animal 

1U1der study, as vell as on the part1cular region eX&llined. 'lherefore a 

brief' description of' the duodenal. tissue o~ yt)1U1g rats weighing approximately 

40 gl"uas 'ls given. 

In microscopie sect10ns prepared f'rom a eut surface of' duodenal BlUCosa 

wh1ch is paral.lel to the length ot the segment ot duodenum f'rom vldch i t is 

taken, the JllUCosaJ. epitheliua 15 projected into the llDllBn as long, .sl.ender 

vil.l1. (figure 1), each vith a central core of' lamina propria. '!he epithel.ium 

co~riDg the v1lli consists mostly of' tall colwmar absorptive cella J inter­

spersed v1.th tbese are occasional goblet cells whose apical mucus filled 

cytoplaam (horizontal arrovs) is UDstained iD th:1s preparation. '!he cyto­

plasa of' the villus colUlllllar caUs 'ls qute heavily staiDed except for a 

region above the cell nucleus cont.a1n1ng the Golgi apparatus; th:1.s area 

presents a negat'lve Golgi image (oblique arrov). 

Belov the v1ll:1, the JaUCOsal epitbel.ium 1s invaginated to ~ora crypts. 

'l'be llDlBn of' one crypt. (vertical &rrav) 15 sean to open into the spa.ee 

betveen the tvo central vill.i, and 'lt can be seen that the epitbel.ium 

lil11.ng the crypt. 1s cont1nuous vith that ~ the rill.1. 1he crypt 

epithelium conta.:1.rul und:1f't'arent1ated crypt col1Dm&r cells, gobl.et cell.s, 

and SCat argen~1n cells and pmeth ceUs. 
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Mucosal. I?pludcs 

The cl.assic studies of Leblond and bis colleagues shoved that cells 

of smAl1 intestinal. crypts undergo constant renewal. vith a resul.ting 

mgration of ceUs from the crypts to the tips of the villi where they are 

extruded. Isbl.ond and Stevens (1948) estimated that the ti8e ·VJœn by a 

crypt ceU to mgrate to the vi.l.1us t1p vas around 1.57 days in the 

duodenUlll of adul.t rats. Wal.lœr and lAbl.ond (1958) provid.ed radioautographic 

erldence, &fter administration of labelled nuc1eic &cid precursors, that 

duodenal. crypt ceUs coul.d mgrate to the tip of the villl in mice in as 

lltt1e as 24 beurs, vb:lle Messier and Lebl.ond (1960) shoved that the t1.me 

taken in &dul. t rats vas betveen 24 and 48 l'lours. 

It vas desirabl.e for the purposes of the present study to knov the 

transit t.1.I8 taken for duod.enal. C1"JjJt cells to reach the ti.ps of villl 

in 40 gram rats. '!he transit time vas found ta vary vith the age of the 

animal. in IIdce however (Issher et &1.., 1961). '1heref'ore in the present 

study, a series of radioautograpbic experiments vas ca.rri.ed out in which 

rats vere sacr1ficed at ditferent tilDe interva1s af''ter a sing1e injection 

of )H-thym1d1ne. '!he radioautographic resul ts obtai.ned f'rom these experi­

ments are shown in Tabl.e ll. 

No. of An1mal.s 

1 

1 

1 

1 

TABIE II 

'J.'ime af'ter )H-t.h,Js1d:1De 
injecti.on 

12 br 

24 br 

)6hr 

48 br 

Location in Duodena1 V1l1us 
of Uppermost Labelled 
Co1umnar Oeu Nuc1ei 

base of vi.l.1us 

t vay to apex of rlllus 

t vay te apex of vU1us 

apex of villus 
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Since, by the 48 bour tilDe interval, labelled coluamar cells 

extended right to the zone o~ cell extrusion at the tip ~ the villus, it 

is possible that some labelled cells bad already been extruded by tbis 

tilDe. Thus the time talœn for cells in the ciuodenal crypt ot 40 gram rats 

to incorporate 3H-th,m.dine label and m:igrate to the villus tip was betveen 

36 and 48 hours. 

Çytolop and Çytocbelllist.ry o~ Duodenal Villus ~lUJllllar Ce11s 

As seen in ~igure 2, which shows a section of duodena1 villus 

stained vith PA-Se~~ and hematoxylin, the duodenal. villus columnar 

cells are long narrow cells whose nucleus oceurs in the lower hal.t" o~ 

the celle Interspersed with these cells are goblet cells whose mucus 

contents stain intensely vi th PA-Sc~f. '!he apical striated border o~ the 

columnar cell stains intensely vith PA-Sch11"f. '!he lateral. cell sur~aces 

are also defini tely stained, but more llghtly (vertical arrow). The basal 

cell sur~ace and adjacent basement membrane bordering on the lamina propria 

core (LP) ~orm a line o~ heavy s'tain. The columnar cell cytoplasm is 

mostly unstai.ned, but patehes of stain somet1mes occur above the nucleus 

and represent elelMlts~ the Golgi apparatus (horizonta:L arrow). '!he PA.­

Scbif'f technique specifical1y stains glycoprotein and glyeogen in parar~in 

sections. The s1;.a1n1ng o~ glycogen can be di.f'~erentiated trom that of 

glyeoproteins by its abolisbment by amylase treatment. In the present 

study amylase treatment had no ettect on the PA.-Se~~ staini.ng pattern 

observed in the duodenal villus columnar cells. 'lhis indicates that all of 

the structures stained by PA.-Scbif'f in these cells are sites of glycoprotein 

JlS&terial. 

Fine Structure o~ Duodenal. Villus Columnar Cells 

In viev of its f'unet.ional. aportance, mueh investigation bas been 
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carried out on the fine structure of the intestinal co1U111na1'" absorpt1.ve 

cell, and a number of renews have been vritten (Zetterqvist, 19,56; Tr1.er 

and Rubin, 19651 Toner, 1968). In 40 gram rats, however, the fine 

structure of duodenal villus co1'U111rlar ceUs vas found to dif'fer in 

certain respects from that of adul.ts. A short account of the structura1 

deta11s of these ce11s v:U1 tberefore be gj.ven • 

.ln e1ectron m:1.crograph at 10w mag:n:1f1.cation of the apica1 hal.f' of 

duodena1 rlllus co1wmar ceUs is sbown in figure J. In the e1ectron 

Jllicroscope, the apica:L str1.ated border observed in l.ight micrographs of 

co1umnar cells is seen te be lII&de up of 1ndi vidua1 microv:illi. (IN). Just 

beneath this microvillus border l.s an area of cytopl.a.sm occupied by 

horizontally running fi1alllents of the tel"lllina:L cell web (N). The cyto­

pl..asm of the terminal. web region does not conta1.n mitochondria or 

cisternae o~ rough endoplasm:ic reticul.um, but conta1.ns e1ements of' SBIOOth 

endop1asmic ret1culum, some SJllOOth surfaced cytop1asJllic ves1.c1es, and 

occasional. 1ysosomes such as the llRÜt1vesicul.ar body (MYB) at the upper 

1eft or the figure. Lysosomes are a1so encountered in other regions of the 

cytop1.asm, as shown by the presence of smal1. dense bodies (D) above the 

nucleus (N). The Golgi apparatus in these cells consists of one or more 

stacks of fiattened Go1gi saccules (G) 10cated in the cytop1asm above the 

nucleus. The 1atera1 cell _abranes (1mb) of these cells are often b.i.gb1y 

convo1uted. 

'!he microv1llus or brush border of the ce11s 1.s seen at higber mag­

nification 1.n figure 4. Attached to the outer leafiet of the plasma 

.mbrane of the mcrovi1l.:1 is a d1.stinct surface coat (SC) wh:1.ch l.s 

th:1cker over the tips of the microvU.ll than over the1.r lateral. surfaces. 

With:1.n the m:1crovil.li are cores of centra1 r1.laments (F). These pass 
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dcnmvards to join the horizontal1y running filaments of the terminal. 

web (N) which in turn converge on the zonu1.a ad.haerens (U) of a 

junctio~ cOlllplex at the left of the figure. In the termi.nal. web region 

of the cytoplasm, in these ~ung an1mals, are a nUlllber of SIIlOoth surfaced 

cytopl a smic vesicles; these average about 140 Dlf-in diaJEter (vertical 

arrows). The melllbrane of these vesicles is s"nd'ar in tbi.ckness to the 

apical ceil membrane, and at some sites (horizontal arrows) there are 

indications that these vesicles may fuse w:1th or derive fram the apical 

surface membrane. The vesicles conta:in f:1lamentolla materia! silll:ll&r in 

appearance to the surface coat. Also included in the terminal web 

cytoplasm are vesicles and tubules of smooth endoplasmic reticulum (SER). 

The membrane of these elements appears th:1nner and IIlOre :1rregular in out­

line than that of the above mentioned cytop1asm1.c vesicles, and the 

contents of the:1r lumens are more electron dense. 

The cisternae of rough endoplasmic retieulum oceurr:1ng tbroughout 

the remainder of the cytoplasm are frequently f'ound &round the periphery 

of lllitochondria (Figs. 3,6), and in th:1s situation, ribosomes are often 

found att&ebed to the cisternae only on the side facing the IIlitocbondrion 

while the other side is bare (Fig.6). AIlother special f'eature of the 

cisternae of rough endoplasm1.c reticulum in tbese cells is the1.r close 

association with stacks of Golgi. saccules. Typ1.cal Golgi. staeks are shawn 

at b:1gb magn:1f'ication :in figures 5 and 7: bere the staeks are eut in cross 

sect.1OD through tbe1.r central region, wh1.le in figure 6 and the lover 1eft 

part of" figure 7) Golgi. sucks are shown eut in cross section througb the1.r 

peripberal region. Eaeh Golgi. staek is polarized, having an iJla.ature and 

a sature face, and tbe sUck usuall.y contains about f"ive saccules. In 

coluzmar ceils located near the base of" duodenal. v1.ll1, the saccules midvay 
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between the two taces ot the Golgi st&cks are very fiattened in their 

central port'1on (Figs. 5, 71 GS) and conta'in tai.rly dense materia1 in the'ir 

lumens. At their ends, hovever, these saccules are expanded, and their 

luminal contents are electron lucent. At the mature tace of the Golgi stack, 

the saccules are st'111 t1attened in their IIOst central port'1on, but the'ir 

ends are even more enl..arged to torm Golg'1 vacuoles (GY). In cells turtber 

out on the v11ll, fiattened port'1ons ot saccuJ.es are less often encountered, 

and MOst ot the saccu1es are en1arged throughoutEFig. :3). 

It '1s the 'immature tace ot the Golg'1 stack v.1th wb:1ch the rough 

endopl.asmic ret'icuJ.ua comes into int'imate assoc'iat'1on, tor along this surtace 

a cisterna ot rough endoplasmic reticu1um lies closely para11el to the most 

immature Golgi saccule, separated trom it by a distance no greater than that 

separat1ng the remaining Golgi saccules trom one another (Figs. 5,6.1over lett 

ot 7). '!he tact that tbis c1sterna 1s part of the rough endopl..asmic ret1culum 

1s shown by the presence of ribosomes on the surtace ot the cisterna tacing 

avay trom the Golgi stack (Fig. 5.6. lover lett ot 7). by the continuity ot 

this cisterna v.1th portions ot rough endopla sm1 c reticu1um outs1de ot the 

Golg:1. apparatus (Fig. 6, lover lett ot 7), and by the tact that the 

lumina1 contents ot th:is cist8rna resemble those of' other cisterna ot 

rough endoplasmic reticulum rather than those ot the Golgi saccu1es (Fig. 5.6, 

7) • S'ince the c1sterna of endopl a sm c reticu1um adjacent ta the Golg:1. 

stack bas no ribosomes on '1ts sur.f'ace tacing the Golg1 stack, it cou1d be 

considered a transit1ona1 elell8nt siJlllj'ar ta tbat described in secretary 

cells (Zeigel and Da1ton, 1962; Judeson and Pa1ade, 1967 a,b). 

SIIIall ves1cles occur frequently near the ends of the Golgi saccules; 

SOIll8 of these are !œOoth surf'aced wh1.1e others appear ta have a fuzzy coat. 
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Somewhat larger coated vesj.cles are also sometiD!es se en j.n the Golgi 

reg10n (Fig. 5. CV); these also oecur in other regions of the cytoplasm 

aueh as the apical terminal. web region (Fig. 4.CV). In some iils'tances 

small ve:dcl.es are seen fusing vith or baddi.ng off of the expanded ends 

of the Golg:1 saccules (Fig. 6. horizontal arrov). There j.s l1ttle evidence 

j.n these cells, hovever, of ves1cles budding off of elements of trans1t1onal 

endoplasmic reticulum in the vicildty of the Golgi apparatus, such as 

described by Ze1gel and Dal.ton (1962) and Jam:1eson and Palade (1967,a,b) 

in se cre tory cells. 

Also oceurr1.ng nearby the Golgi staeks are larger verlcles (Fig. 7.V). 

These ves1cles are very s1.mi1ar in size, appearance, and. luminal contents, 

to the cytoplasmic vesicles described in the apical terminal web cytop1asm 

(Fig. 4. vertical. arrovs). Such ves1.cle s also occur scattered in smal.1er 

numbers throughout the cytoplasm (see Fig. ). In the Go1gi region, 1.t can 

be seen that these ves1.c1es &lso resemb1e the nearby Golgi vacuoles (Figs. 6, 

7. GY). 

other ves1cles in the Golgi reg10n )wh:ich are somewhat larger than 

those descrlbed above and conta1.n a fev internal. ves1cles, are des1.gnated 

as mul.tivesicular bodies (Fig.7. MVB). The small. internal. vesicles 

conta1ned in these bodies are simlar in s1.ze and appearance to ves1c1es 

in the nearby cytopl.&.sm (Fig. 7). Although these bodies contain a certain 

amount of amorphous matrix surrounding their internaJ. vesic1es, JIlOst of 

their content 1s electron 1ucent, and they are therefore des1.gnated as llght 

multives1.cular bodies. Another more frequent1y encountered type of mult1-

ves1cul.ar body in t.mtse cells conta.i.ns more internal vesicles than the 

above type or multivesicu1.ar body, and these vesic1es are embedded in a 

uniforœly dense matrix (Figs. ),6). The inset of r1gure 7 shows three 
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multivesicular bodieSI one of the light type, a larger dark multiverlcular 

body vith fairly dense matrix, and a sma.ll.er one vith very dense matrix. 

Some bodies are also observed wh:i.ch have as their predominant content a 

uniformly dense matrix, but which also contain a few internal vesicles 

(bottom of Figure 8). 

Dense bodies of various sizes are often encountered in these cells. 

'lhese bodies contain a dense matrix which 15 unif'orm except for the 

occasional inclusion of small. granular elements (top of Figure 8), or 

one or tvo vesicles (Fig. J, upper left ot Fig. 7). Al.tbough dense 

bod:ies are usua1ly seen as spherical bodies, sometimes narrow extensions 

lead avay from the main body; m· the lover 1eft part of figure ?, such a 

narrov extension connects two dense bodies (D). 
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Radioautographic Observations on Duodenal Vilius ColUllD'lal" Cells 

Light Microscopic Observations 

!ni tial Uptake of 3H-fucose label 

At 2 minutes af'ter 3H-fucose injection, a strong radioau~graph:1c 

reaction occurred over the duodenal vilius eolwmar cells (Fig. 9) in which 

the great majority of silver grains were concentrated over the supranuclear 

Golgi region. The intensity of reaction vas ma.x1.a ) in the ceUs of the 

lover third of the vill1, and gradual1y decreased towards the apex. aùy a 

comparatively l:1ght reaction vas observed in the columnar cells ot the 

duodenal. crypts; yet here too, IIIOst ot the reaction vas supranuc1ear 

(vertical arrow). The radj.oautographi.c reaction at 5 Ddnutes after Ja-fucose 

injection is shovn in figure 10. !..gain the reaction vas JIIOstly over the 

supranuclear Golgi region of the duodenal. v11lus colUZlU'lar cells, and only 

a fev grains occurred elsevhe1"8 over the cells. 

Distribution ot Label Over filius CoIUlll'lar Cells at tater Time Intervals 

At later tilDe intervals af'ter Ja-1'ucose injection, the reaction over 

the duodenal. villus col'Wllnar ceUs changee! in intensity and espec1all.y in 

grain distribution. By 20 minutes and by 1 hour &tter injection (Fig. 11), 

the reaction vas heavier than that seen at earlier t1llle intGrvals, and 

sllver grains appeared in aubstantj,aJ, nUlllbers not only over the supranuclear 

Golgi region, but, 1.n add.1.t:1on, OV'8r the apical IId.crov1l.lus border ot· the 

cella, and over the lateral. celi surfaces. The latter reaction vas seen 

espec1ally vell in the 1"8gion ot ~ basal bal.f' of the co1U111'la.r cells 

(horizontal. UTOV). 

By 4 bours d'ter Ja-f"ucose injection, the labelling of the apical 

surface of the duodenal villus co11D1Dl&r cells had become even 1101"8 intense 
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(Fig. 12). Heavy reaction remained over the lateral cell sur.faces also 

(horizontal arrov). 

By JO bours atter JH-f'ucose injection, the lDOst heavily labelled 

rlllus colœmar cells vere no longer located in the lover tbird of the 

vill:1, but had llligrated to the outer parts of" the vi1l1, while their 

place in the lover tb1rd vas taken by poorly labelled crypt ceUs (F.Lg. 

14). The f'act tbat the poorly labelled cells in the lover tb1.rd of the 

v1l.l.i had been crypt ceUs at the t1me of" ~-f'ucose injection vas shawn 

by the strong labell1ng of' their nuclei (horizont&1 arrov) vi th 3H-thylllidine 

vh1ch had been injected into the an1mal at the same tiJII8 as the 3H-f'ucose. 

This f'inding vas in accord vith the results of the previously described 

JH-thymidine labelling study (Table II).in which the uppe1"lllOst labelled 

crypt cells had llligrated half'vay up the villus by :36 hours dter injection. 

In the heav1l.y labelled colUB'l&r cells seen in the outer parts of the v1.lli 

at th1s JO hour tilDe iDterval, reaction reJU.i.ned over the apica1 and 

lateral cell surf"aces (Fig. 1J) although reaction over the Golgi reg10n 

had d:1Ir1n1.shed. 

Electron Microscopie ObserYa~ons of" Epon Blabedded Duodenal Tissue 

Initial Uptake of' ~JUcose Label 

When ratfioautographs or thin sections of" duodenal v1.llus colUJlll'1&r 

cells of" an1 •• ' s sacriticed 2 mnutes dter 3u-t'ucose injection vere 

exadned in the electron microscope, i t vas round that the great majon ty 

or sl1ver gra:1ns vere 1oca1.1~d over the saccules or the supranuclear 

Golgi apparatus (F.Lgure 15). At th1s earl.y tble 1.nte .. ù, onlya !ew 

gra:1.ns occurred over other part,s or the cell, t.hus in f"igure 15 three 

sllver gra:1na are seen over the cytopl..asa of" the apical hal..f or the cells 
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(ver'ticù arrovs), one 1:s seen over the l.ateral cell membrane (horizontal. 

arro.), and one occurs just beneath the apical brush border in association 

vith a cytopl.asmic vesicle (oblique arrov). 

When the distribution or sUver gra:1ns over these cells vas 

quantitativelyanalysed by means of grain .counts, the resu1ts in Tab1e III 

(and Graph I) vere obtained. Witb1n the: llmtations o~ the counting 

method used, as discussed in a l.a.ter section or this the sis , the resu1ts 

1nd:1.cated that, at 2 llinutes d'ter 3H-fucose injection, over ~ or the 

sUver grains lIere 10calized over the Golgi apparatus. Approx1:mately 4J1, 

occurred over the 1ateral. cell surf'ace, and 1~ over the apical. ceU 

surf'ace; bowever almost no gra:ins occurred over the basù· ceU surface. 

~. nucleus accounted ror about 1~ or the sUver grairis, vhUe approx:1JBately 

~ lay over other cytoplasw1c s'truct1Jres. Many of these latter grains 

appeared to be over mi tochondria or over the cisternae or rough endoplaSlllic 

reticul.œa surroUDding the m.tochondria (Figure 151 vertical arrowa). 

Only occasional sUver graiDs occurred over lysosomes at this 2 llinute 

t1me interYal.. When counts of labelled, and unl.abelled lysosomes vere 

lI&de, the resu1ts obta1ned (Table IV) showed that none or the mu1tivesicul.ar 

bocH.es vere labelled and less than 2$ or the dense bocHes vere labelled. 

Figure 16 shows a radioautosraph o~ the Golgi region or duodenù 

colUlll'l&r cells troa a second am .. ' sac~iced 2 llinutes dter 3H-~ucose 

injection. .&gain, nearly a11 or the sUver grains OCClU" over the Golgi 

saccul.es except ror one grain over a lateral JIeIIlbrane (vertical arrov), 

Md one oftr the edge o~ a 1IIi:~cbondr1.on (horizontal arrov). None or the 

lysos08!s in this figure are labelled. 

At 5 IliDutes dter 3H-fucose injection, the distribution or sUver 



TABlE III 

DIS1RIBUTION OF SILVER GRAINS OVER COLUMNAR CEW OF DUODENAL VILLI 

AT VARIOUS T.IME INTERVALS AFTER AN INJECTION OF 3H-FUCOSE 

T1JI1e No. ot grains ~ over f,over ~over f, over ~ over ~ over ~ over 

atter oounted Golgi lateral apioal basal lysosomes remainder nuo leu s 

3H-tuoose membrane membrane membrane of 

injeotion cY'top].asm 

2 min 472 80.5 3.8 1.0 0.0 0.6 12.0 2.0 

595 76.0 4.5 0.7 0.2 0.3 18.3 0.0 

5 min 2020 66.6 5.9 1.4 0.2 1.J 20.4 4.0 

10 min 680 44.6 13.5 0.7 0.9 4.3 32.0 3.8 

20 IIl1n ?JO 37.9 22.6 J.3 0.0 J.4 JO.1 2.6 

963 22.9 23.6 14.8 0.5 5.0 31.8 1.2 

35 min 1194 18.9 24.1 l2.9 1.7 2.5 J7.9 2.0 

lhr 2116 18.1 26.6 21.2 1.5 5.5 2;.9 1.1 

4hr 2570 8.2 37.7 29.9 2.8 4.7 16.0 2.0 
1664 7.5 33.1 36.9 2.9 4.8 14.3 0.5 

30 hr 667 6.1 28.9 47.8 1.8 04.0 10.8 0.4 
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UBLE IV 

LAŒLLING OF LYSOSCIŒS IN COLUMNAR CELLS OF DUOŒNAL VIIl.I 

A.T VARIOUS TIME INTERVAlS AF'l'ER AN INJECTION OF 3H-FUCOSE 

Time thrl1'orm Bodies with Bodies with 4 
atter dense bodies 1-J vesic1es vesic1es 'MVBl 3H-f'ucose No. 

'" 
No. fi, No. J 

injection counted labelled counted labelled counted 1abelled 

2 min 99 2.2 4 0 16 0 
77 1.3 44- 2.2 41 0 

5 min 88 6.8 37 8.1 58 1.7 

10 min 137 22.0 50 16.0 50 6.0 

20 min 28 35.8 38 50.0 50 26.6 

35 min 51 38.2 80 35.0 110 22.8 

lbr 168 25.0 94 69.1 86 62.8 

4hr 64 56.3 132 55.4 87 41.4 
214 57.0 205 64.0 98 61.2 

30 br 46 8.7 40 27.5 66 31.8 
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grains vas simjJar to that at the 2 minute t1.me interval.. The percentage 

of grains over the ceU surfaces, lysosomes, and reaa1nder of the cyto­

p].a8lll had risen slightly, hovever (Table III). C4unts ôf labelled and 

UlÙabelled lysosomes (Table rI) showed that a sigrdf'icant n1Daber of 

lysos08l8s had nov become labelled, ie. 7-8" ot the dense bodies and 

bocHes vith 1-3 vesicles, and 1.~ ot the lII1Ùt1vesicular bodies. 

Figures 17 and 18 shOv the rad:ioautograph:1c react:1ons over the 

Golgi region ot collD111'l&r cells at the 5 minute t1me :interval. Most ot 

the grains ahollll are local:ized over the Golgi. apparatus, but in tigure 

18, one dense body is seen to be labelled. 

D1.strlbu.t:1on ot Label Over vuius Columnar Cells at Later T1JIIe tnterval.s 

At lct .. .minutes ~ter ~-tucose injection (Figures 19 and 20) a heavy 

concentration of s:11ver grains vas st:1ll seen over the Golgi apparatus, 

but nov several grains could be seen over other regions of the cells. 

Grain counts (Table III), sboved that ~ ot the s:i1ver grains vere still 

local:ized over the Golgi. apparatus. (G). Over 1~ ot the grains vere nov 

over the lateral cell membranes (lab), although the apical and basal 0811 

surfaces d1.d not shov sign:1.ficant reaction, be:ing the site of o. n and 

O.~ ot the grains respectively. 

Over 41ft ot the grains occurred over lysoso_s at tb:is t:1,., :1nterval. 

o,unts ot labelled and unl.abelled lysos~s in tbese cells (Tabl.e IV) 

shoved that 2Z' ot the dense bodies vere nov labelled, vh1l.e 16~ ot bod:ies 

vith 1-3 ves:1cles and 6f. ot .ul.tivesieul.ar bodies vere labeUed. In tigures 

19 and 20, severa! dense bodies (D) and one IIlÙtivesicul..ar body (MVB) show 

labell1ng. 

'DIe reJll&1.n1.ng 2~ ot the sllver grains at th1s 10 minute tiBt interval 

lay over cytopl am c organelles other than tbose .snt:1oned Above. Many 
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o~ these appeared to be assoeiated vith cisternae o~ rough endoplasmic 

reticulum surrounding m.tochondr1.a. but. others vere associated vith 

SlB&ll cytopl.asmic vesicles (oblique arrows). 

By 20 llinutes af'ter 3H-~ose injection (Figures 21 and 22). a 

heavy concentration ot sUver graiDs occurred not only over the Golgi 

apparatus (Fig. 22. G). but also over the apical1llicrovU1us border 

(Fig. 21. mv) and along the latera1 surface membranes (Fig • .221 1mb). 

'!he loca11zation o~ the s1.1ver grains along the lateral surf'ace .mbranes 

vas espee1ally ev1.dent when the cells vere cut in cross section as seen 

in tigure 23. Fina1.1y. wen the bases o~ the cells vere exudned (Fig. 

24), a tev sUver grains vere f'ound to be local.i.zed over the basal surface 

membrane. althougb reaction over this surface vas never as great 111 

intensity as tbat over the lateral surface JJ8l11branes. 

Grain cOlUltS! carr1ed out over the above cells (Table ID) shoved 

the presence of' approx1mately 2~ of' the label over the Golgi apparatus, 

~ over the 1ateral surface IDI!IBlbranes. 1~ over the apical surf'ace 

membrane. and 1~ over the basal sur~ace membrane. LysosolllBs &lso became 

quite heav1l.y 1abelled by this tiIIM! interva1 vith over 3~ of' the dense 

bodies and over 2~ o~ llllÙ.t1vesicular bod:ies shoving label (Table IV). 

'D1e sUver gra:1ns over lysoSlll8s accounted tor only a small portion (about~) 

o~ the total grain count, however (Table Ill), s1.nce the absolute number o~ 

grains loea11zed over the surf'ace Jl8llhranes vas IlUch greater than tbat 

over lysosomes. In a second aniJul. sac~iced 20 Ddnu'tes at'ter 3H-~ucose 

injection, a higber percent.age of' silver grains rema1ned in the Golgi 

apparatus (31.~) than in the an:1mal descrlbed above. In th1.s second 

ani .. ', on the other band, very f'fN sUver grains (3.~) vere f'ound 

over the apical m1.crov1.llus border (Fig. 25). In this respect 
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the rad:ioautographie reaetion seen in tlds second animal bore more 

resemb1anca to tbat seen in the animal. sacrif'iced at 10 minutes than 

te that seen in the rirst a.nilIIal. sacr:i1'iced at 20 minutes atter 

injection. 

In both or the anima1s sacrif'iced at 20 minutes &:tter injection 

as vell as in an animal sacri:ficed at 35 minutes af'ter injection, a 

concentration ot si1ver grains occurred over the terminal. ve b cyto­

p1.asm beneath the mierov111us border (Fi.gs. 21, 25). In al1 cases, 

severa1 or the si1ver grains in this 1ocation vere associated vith 

sma1l cytoplasme vesic1es which vere al.so concentrated in the 

apica1 cytopl.asm ot these cells (Figs. 21,25. oblique arrows). 

Sil ver grains occurring over other parts or the cytop1.asm or the se 

cells vere trequent1y associated vith sim1l.ar cytop1asmic vesic1es 

as seen in figure 22 (oblique arrows). 

At 1 hour at'ter Ja-rucose injection the grain distribution was 

quite silllilar te that seen at the 20 minute time interva1, vith many 

si1ver grains 10calized over the Golgi apparatus (G), the apical 

microrlllus border (1IlV), and the lateral surface membranes (1mb). 

Many or the call lysosomes vere also labelled, such as the dense 

body (D) and Jll\Ù.tivencular body (MVB) in figure 26. A rairly large 

percentage f4 tM si1ver grains occurred over the rema1.nder or the 

cytoplasm at this tiJIIe interval., and many of these vere assoc1ated vith 

cytoplasmc vesieles (Fig. 26. arrows). No concentration of label was 

observed in the tendnal. web region or the cytop1asm, hovever. 

By 4 heurs atter 3s-tucose injection an intense reaction occurred 
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over the apical Ddcrovillus border of the cell and accounted for over 

~ of the total grain count. Heavy react~on also occurred over the 

latera1 ~ace-meJllbranes (Figs. 2'7-291 1mb), accounting for approx:iJllately 

3~ of the gra~ count. Iqrsosomal. labelling reached ~ts peak at tJrl.s 

4 hour t1JDe ~terval, v1.'th over ~ of the lysosomes ~ each of the 

cl.asaes being labelled (Table IV). Several labeUed lysosomes are shown 

in t~gure 2'7 (horizontal arrovs) and at higher magnif'ication in f"igure 

29. 

Reaction over the Golgi apparat us (Fig. 2'71 G) had decreased by 

this t1me interval and nov accounted f"or on1y ~ of the total. grain count 

(Table III). S'hn1J arly, reaction over the relllldnder ot the cytoplasm had. 

decreased, and no concentration ot silver grains occurred ~ the terminal 

web region. 

React~on over the apical m1.crovillus border ot colwanar ceUs, at 

th:1s and other t1Jae intervals, vas not alvays of" the same !ntensi ty over 

d:U'ferent colW1111&r cells;thus in figure 30, a heavy radioautographic 

reaction i8 seen to occur over the mlcrov1l..1us border of the central. ceU, 

vhil.e on1y a 1ight reaction occurs over the bord.ers ot the rema:1n1ng ceUs. 

When several colu.nar ce11s are 588n at 10v magn1f'ication (Fig. 31), 50. 
cells extdb1t only a very l~gb.t reaction over the~ apical surface (uncrossed 

&rroll) vbil.e others elddb1t a reaction ot JD8~um intensi.ty (single-crossed 

arrovs) and ,et others exh1b1t an intense reaction (double-crossed Arrovs). 

At 30 bours &tter 3H-fucose 'injection, the most react1ve duodenal 

col1llUlal" ce11s had JBigrated to the outer parts of" the v1ll1, as descrlbed 

in the previous section of this thes1.s deal..hg vith llght microscopie 

radioautoFaph:1c observations on duodenal. t~ssue. To eDJline the reactive 

duodenal collBl'l&r ce11s theretore, th1n sections had to be JUde ot the 
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apica1 tbird of the rlll:i. When radioautographs of such sections 

vere examined. a fairly heavy re.ction vas seen to rema:in over the 

microvillus border of the columnar cells (Figs. 32, 331 DIV). Reaction 

a1so occurred over the latera1 cell membranes (1mb) and over some 

lysosomes, notably mul.t1ves1cu.lar bodies (fig.331 MYB). '!he percentage 

of the lysosome populat1on vh1ch vas labelled vas great1y decreased 

from that seen at 4 hours &tter inject1on, hovever, part1cu1arly 1n 

the case of dense bodies which vere nov only B.n labelled. 

t'he Associat1on of S1.lver Grains W1th Çytoplasmic Vesic1es 

At a1l t:iJDe 1nterva1s &tter 3H-fucose injection, a certain per-

centage of the silver grains over duodenal columnar cells occurred over 

cytoplasm:1c structures other than the Golgi apparatus or lysosomes. 

'the percentage of grains 1n this category at the different t1me interva1s 

d'ter injection 1s shown in Table III,and graphically 111ustrated in 

Graph l. 

At the earl1est tilDe intervals stud:1.ed (2 and 5 minutes), the 

percentage vas fairly smal.l (12-1~). 'l'h:1s percentage increased rapidly 

vi. th t1.me, hovever, for by 10 m1.nutes after 3H-fucose injection, the 

pereent&ge vas over 30.' )and by 35 minutes &t'ter 1nject1on, 1t vas a.lmost 

~. '!hen, at the later t1me 1nterva1s, the percentage of sl1ver grains 

in th:1s category decreased, and by 30 hours d'ter injection, vas only 

about 1~ of the total grain count. 

'!he silver grains in the above cat.egory vere not un1.f'ormly distributed 

over the cytopl.as:m of the duodenal columnar cells, for IDOre grains vere 

usually found over the cytopl.&.sm of the apieaJ. hal..f' of the cells than over 

the basal. hal..:f. FUrthel"lDOre, at 20 and 35 minutes &tter 3H-fucose injection, 
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there vas a pronounced concentration of these sUver grains over the 

apical. termi.nal. veb regj.on of the cytoplasm (Flgs. 21, 25). When the 

grains over the cytoplasm ~ cells from an:1:ma1s sacrif'iced at various 

3 
t1me intervals &t'ter H-f'ucose injection vere examined elosely, they 

frequently occurred over or c10se to the cytopl aS"1c vesicles described 

above. 'Drl.s vas especially the case in the terminal. web region of' the 

cytopJ.asm vhere such vesicJ.es vere concentrated (Figs. 21 and 25. oblique 

arrovs), but a1.so occurred eJ.sevhere in the cytop1asm (Figs. 22 and 26. 

obl..1que arrovs) and Fig. 27. vertical arrovs). 

In order te quanti tate the f'requency of this association of' silver 

grains vith cytopJ.aSlllic vesicles, counts vere made of aJ.l cytoplasmic 

silver grains vb:1ch vere unassociated vith Golgi saccu1es, J.ysosomes, 

or cell surf'aces (by the criteria outJ.ined in the MBthods section.) 

'lhen each grain vas cJ.assified as te whether or not it vas associated 

vi th a cy"toplasmic vesicle (ie. whether or not i t vas vi th1n a distance 

eq\..'8l. to hal.f its ovn d:1ameter trom such a vesicle). 'l'hese counts vere 

carried out in cells f'rom animals sacrificed at al1 tilDe interval.s. 

Wi thin the l1mi tations of the counting method used, as will be 

discussed in a J.at...~r section of' this thesis, the resul.ts obtained 

(Table V) shoved tha:t at 2 and 5 lItinutes after 3s-f'ucose injection, 

J.ess tb.an ~ of the si1ver grains appeared to be assoc1.ated vith cytoplasmic 

vetdcJ.es.At 10 JI:1.nutes dter injection, hovever, over ~ of' the grains 

appeared to be associated v:l.th vesicles, and in an1mal.s sacrU'iced at 

20 and 35 minutes after injection, the percentages vere 41~ and 6~. 

At 1 hour after injection, about 3&,C of the grains vere associated vith 

vesicles, vhD.e by 4 and )0 hours, the percentage had fallen ta onl.y 

1~. 1hese figures i.nd:icated a rise and then fall. in the percentage 



TABLE V 

DISTRIBUTION OF SILVER GRUNS OVER "REK1INDER OF CYTOPLASM" (TABLE III~ 1 

FREQlJEHCY OF ASSOCIATION WITH CI'l'OPLASMIC VES1CŒS 

~ Ho. of Percentage of Bxpected percentage Yn 
~r grains gra:1ns assoc1ated of gra1.ns assoc1ated 

hcose counted vith cytoplasm:1c vith cytoplasmic 

injection ves1cles vesicles 1t silver 
(1) grains vere randoaly 

d1stributed 
~IIl 

2 iiiIlutes 14 7.1 19.8 0.4 

28 3.6 21.0 0.2 

5 Ddnutes 85 7.1 13.1 0.5 

10 mnutes 141 41.8 19.1 2.2 

20 lllinutes 49 34.7 21.6 1.6 

89 41.6 12.1 3.4 

35 minutes 116 60.3 13.5 4.5 

1 hour 403 38.5 10.3 3.7 

4 baurs 2BO 18.2 3.9 4.6 

50 18.0 6.3 2.8 

30 bours 44 18.2 12.5 1.5 
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of vesicle-assoe:ia:ted grains wi.th tilDe after JH-f'ucose injection but 

they vere not very meaningtul in tbemselves because it vas not known 

hov frequenUy the silver grains would be associated vith cytoplasmic 

vesicles if the silver grains vere simply randoml.y distributed over the 

cytoplasm of the celle 

In order to determ:ine th:is frequency, plastic overlay sheets vere 

prepared which could be p1a.eed over radioautograpb:ic prints. On these 

transparent sheets, orderly rovs of evenly spaeed circles vere drawn 

(49 circles par sheet). 'l'he ctlameter of each circle vas tvice the 

diameter of the average sllver grain in the ractloautographic print over 

wh:ich the plastic sheet vas to be placed. When such a plastic overlay 

sheet vas placed over a radioautograpb:ic print, each circle vas talœn 

to symbolica11y represent a silver grain plus a distance around that 

grain equaJ. to hal.f' its own diameter. S'ince the pattern of the circles 

bore no relation to the underly1ng radioautographic print, the symbollc 

grains could be considered to be randomly distributed. The actual. silver 

grains in the rad:ioautographic print vere ignored for the purposes of 

this procedure. For the symbolic sil ver grain of a circle in the sheet 

to he classified as a cytoplasmic grain unassociated vith the Golgi 

apparatus, lysosomes, or cali surfaces, it vas required tha.t no part 

of any ~aee membrane, Golgi saccule, or lysosome (or nucleus) oceur 

wi.thin the cirele. Sim:i.larly, for the symbollc grain of a circ le to be 

classified as being assoeiated vith a cytopl asm1c vesicle t it vas 

requi.red that the ei.rele contain such a vesicle. 'lhus the classitication 

of the (random1y distributed) symbolic grains vas oarried out in exacUy 

the saas manner as vas the classitieation of the aetual sllver grains in 

the eounts abcve. 

One f'urther pl"Oblem remai.ned, bovever, for exam::1.nation of radioautographs 
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showed that the columnar cells of d:if'ferent anima] s contained diff'erent 

numœrs o'f vesicles; theref'ore :it vas necessary to determi.ne the 

expected f'requency of' assoc:iat:ion of' randomly d:istr:ibuted sUver grains 

w:ith cytoplasm:ic ves:icles :in each d:if'f'erent an:imal. This vas carr:ied out, 

g:iv:ing the results shown :in Table V. 'l'beD 'for each an1 mal , the rat:io of' 

the actual frequency of assoc:iat:ion of' sUver grains w:ith cytoplaSDdc 

ves:icles as compared to the expected f'requency o'f randomly d:istr:ibuted 

grains w:ith ves:icles, vas ca1cul.ated. 

If the actual. sUver grains over the celi cytoplasm :in any &Jdmal 

vere randomly d:istr:ibuted the above rat:io- coul.d be expected to have a 

value or 1. If a ratio greater than 1 vas obta:ined, an assoc:iation ot 

sUver grains w:ith ves:icles greater tban that expected due to chance vas 

ind:icated. As shown in Table V, tb:is rat:io vas not greater tban 1 at 

the earl:iest tiJllle intervals, but f'rom the 10 m:inute t1me :interval omra.rds, 

:it vas cons:iderably greater than l, reaching a value of over 4 at 35 

lllinutes atter 3H-fucose injection. 

These reaul ts suggeated that at the earliest tilDe :intervals af'ter 

4i-rucose inject:ion, JJIOst of the cytoplasm1c sUver grains outs:ide or 

the Golgi. apparatus vere not assoc:1ated w:ith cytoplasm::1c ves:icles, wh:ile 

at the later t1JQe :in'terval.s, many grains vere assodated v.1th such 

vesicles. 

Electron Hicroscopic Observations ot Glycol Metbacrv..ate &abedded 

tuodenal Tissue 

When racH.oautographs ot ! mieron tb:1ck sections or glycol meth-

acrylate eabedded duodenal tissue vere ex.amined :in the electron m:1eroscope 

&t'ter sta.:in1.ng vith pbospbotungstic ae:id at lov pH, the results shawn 

in t1.gures 34-)6 vere obta1.ned. 'lbese radioautographs vere f'rom an an1JII.al 
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sacri.ficed 4 hours alter 3H-f'ucose injection. Only certain cellular 

organelles vere sta:ined by the phosphotungstic acid stain. '!he se 

inc1uded the apica1 microvi11us border (Fig. 35, 36. DIV), the latera1 

ceU membranes (Fig. 34-36. 1mb), the Golgi saccules (Fig. 34-, 35: G), 

denae bodies (Figs. 34-36. D), mu.l.tivesicu1ar bodies (Fig. 361 MVB), 

and smal.l. vesicles concentrated in the terminal .. p region of the 

Cytop1aSlll and. scattered throughout the relUinder of' the cytoplasm 

(Flgs. 34, 35. oblique arrovs). '!he nucleus of the ceU, vas not 

specit1.cal1y stained but shoved up in electron micrographs dùe to its 

own 1.nherent electron dens1.ty. 

In the mi.crovi.l.lus border (Fig. 35, 36. DIV» the staining vas 

local:1zed to the surf'aces of' each 1nd1.rldual Ddcrovillus) vhlle the 

cytoplasm:1.c core of the m:1crovillus remained unstained. In the Golgi 

apparatus (Fig. 34. G), a transition in sta1ning intensity occurred 

f'rom one face of the Golgi. .tack to the otber. AS seen in the Golgi. 

stack to the left of the nucleus in figure 34, the saccules along the 

1JmDature (outer) face took up almost no sta:in (tior1.zontal arrovs), vh:11e 

the sacc:ul.es and SOlDe vacuoles a10ng the mature (1.nner) face vere heav1.ly 

sta:1ned (vertical arrows). In the Golgi stack to the r1.ght of the 

nucleus in figure J4, the plane of section vas parallel to the nat surfaces 

of the staek of' Golgi. saccules ,and in this plane 1. t coul.d be seen tbat 

the !BOst mature saccule vas fenestrated, or rather, con.s1.st8d of a 

polygonal meshvork of tubules. 

Dense bodies (F.igs. 34-36: D) vere solllBtimes found to be stained 

homogeneously througbout but often contai.ned a 1IOre llghUy sta1.ned center. 

In multives1.cul.ar ~1.es (Fig. )6.KVB), the satrix, and the valls of' 

the internal. vesicles vere stained, but the contents of the interaal. 
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vesicles rem.rlned unstained. Sim) arly in the soDJ3What larger cyto­

plasmi.c vesicles scattered tbrough the cy'toplasm (Figs. 34, 35. oblique 

arrows), the vesicular wa11 stained but the contents rema:ined unstained. 

']he radioautograph:ic reaction occurring over these cells vas very 

s1m11.ar to that seen at the 4 hour tilDe interva1 in th:in epon sections 

(Figs. 27-29). A heavy reaction occurred over the apical m1.crovi11us 

border (figs. 35, )6), and severa1 gra:ins appeared over the lateral cell 

membranes (Figs. 34-36). Many of the dense and multivesicular bodies 

in the cells were labelled (Figs. 34-36), and some grains occurred over 

saccules of the Golgi apparatus (Fig. )4). 
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RADIOAUTOGRAPHIC OBSERVATIONS ON LIVER TISSUE 

Lifht H1croscoffi,c Observations 

:rm. tial. UDtake o~ 3H-i'lcose I..be1 

Light microscopie rad:1oautographs o~ liver tissue ~rom an1mals 

sacr1f'iced as ear1y as 2 m1nutes dter 3H-~ucose injection (Fig. 31) 

shoved a ~a1r1y heavy uptake o~ 1abe1 by hepatocytes. '!he reaction at 

10v 1II&gni.f:i.cation took the f'ora o~ l.ocal.1zed c1usters of sUver grains 

(vertical. arrov ) over the liver cords lllidway between the smusoids 

and betveen the ceU nuc1ei. '1'hese areas are occupied by the bil.e 

canaJ.1cuJ.1, near to wb:ich the Go1g1 compl.exes are 1oeated.in these cells. 

Fev gra3nS occurred over the reu1n1ng cytopl.asm of the hepatocytes, and 

no s1gnif'icant reaction cou1.d be seen aJ.ong the sinusoidal. surf'aces o~ 

the liver corda (horizontal arrov). 

D1.strlbution of 3H-fucose Labe1 at La:ter Time IntervaJ.s 

At 20 lII1nutes dter 3H-~ucose injection (Fig. 38), heavy grain 

c1usters st1l1 over1ay the b11e cana1icu1ar regions o~ the ceUs 

(vertical. arrov). In addition, hovever, a l.ine o~ react.ion cou1d dso 

be seen a10ng the sinuso'1.da1 surface o~ the liver cords (horizontal. 

arrov). Reaction over the rema1nder o~ the cytop1.asm of the hepatocytes 

rema1ned comp&r&tivel.y light. 

By 4 hours &f'ter 3:i-f'ucose injection, the heav,. grain c1us'ters 

over the b11e canal:1cul.ar regions o~ the hepatocy1;es had almost 

comp1.ete1.y d:1.sappeared (Fig. 39). Nov on1y re1&tive1y llght reaction 

reaa1ned over al.J. of the cytopl.asla of' the hepatocytes. OIrer the sinuso1da1 

surface of the liver cords, on the other band, a heavy rea.ction persisted 

Olorizonta1 arro.). 
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Electron Microscopie Observations 

Ini tia1 Uptake of 3H-f'ucose Label 

The resul.ts obtained frolll examination ot electron microscopie 

radioautographs of l1ver tissue at 2 minutes dter ~f"ucose injection 

conf1rmed the uptake of label by the Golgi apparatus ot hepatocytes, for 

a1though the radioautograp1rl.c reaction over these cells in thin sections 

vas relatively llght, even dter 5 months ot exposure" the large III&jori ty 

ot sUver grains present vere localized over the Golgi saccules. Figure 

40 shows the bile canallcular region of wo adjacent hepatocytes. A. 

lateral mambrane separates the two cells, and is interrupted in the midcUe 

ot the figure by a bUe canal.iculus (BC). In the cytop1asm of each of the 

hepatocytes, near the bUe canal..iculus. are seen stacks of Golgi saccules 

(G) vb:1ch in these cells contain sma:u llpoprotein granu1es. Scattered 

through the remaining cytopl.asm are mi tochondria, rough endop1asmic 

reticulU1ll~ and lysoSOD3s-vb:1ch in t.bese cells are ma1nly ot the dense body 

type-(D). .Al.l of the sUver grains in ttds figure are localized over the 

Golgi saccules. 

Grain counts carried out over these cells to quantitatiftl,y aDAl.yze 

the distribution of sUver grains at d:1tferent tilDe interval.s &tter 

3H-tucose injection yielded the resul.ts shovn in Table VI. With:1.n the 

liIdtations of the counting method used, the resuJ.ts shoved tbat over 

8~ of the si1ver grains vere local.ized over the Golgi apparatus at 2 

minutes &:tter injection. Less tban :f1, of the grains occ:urred over the 

eeli surf'aces, and no grains vere f'ound over lysosomes. 

D1.stribution ~ 3H-f'ucose Label at Later T1me Interval.s 

The rad:1oautographie reaction at 35 minutes &:t'ter 3H-f'ucose injection 



TABLE VI 

DISTRIBUTION OF SILVER GRAINS OVER HEPATOCTŒS AT VARIOUS TIME 

IN'lERVALS AFTER AN INJECTION OF 3H-FUCOSE 

'l'1me No. of ~ over ~ over ~ over 'J over 

af'ter grains Golgi Cell surfaces lysosomes Micro-

3H-tucose counted apparatus sinu- lateral Bodies 

injection soidal. 

2 min 21 81.0 0.0 4.8 0.0 0.0 

35 min 910 59.1 7.0 3.4 10.0 1.0 

4br 410 12.4 24.6 15.0 29.5 0.5 

TABlE Vil 

LABELLING oF LysœOMES IN HEPATOCY'ŒS AT VARIons TI:ME 

IN'ŒRVALS A.FTER AN INJECTION OF 3H-FUCOSE 

T1Jœ Llsoso'ES 
d'ter 

3s:f'ucose No. <J, 
injection counted labelled 

2 m:1.n 37 0.0 

35 m:1.n 492 24.4 

4br 330 42.1 

~ over 
Rest of 
Cell 

14.0 

19.5 

18.0 
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is shovn in f'igure 41. Some of' the sl1ver grains are stil1 loca11zed 

over Golgi saccules (G),while one grain is associated vith a Golgi 

vacuole (vertical arrov). This f'igure also shows one of' the t'ev sUver 

grains seen near a microbody (horizontal arrov). Another unl.abelled 

microbody (MS) is shown in the lover lef't corner of' the f'j.gure. Also 

shown are dense bodies (D) and a IIl11l.tivesicular body (MYB) wh1.ch t in 

tb1s f'igure, are unl.abelled. 

Counts of' the distribution of' sUver grains over these cella at 

this 35 minute t1me interval shoved that the percentage of' grains over 

the Golgi apparatus bad dropped to less than 6a,S vb1l.e over 1~ of' the 

grains nov appeared over the cell surfaces, and 1~ appeared over the 

lysosomes (Table VI). When counts of' labelled and unlabelled lysosomes 

in these cells vere made, the results (Table VII) ind1.cated tbat 

approximately 2~ of' the total. population of' lysosomes in these cells 

vere nov labelled. 

By 4 hours af'ter Js.hcose injection, the reaction over the Golgi 

appal"atus of' hepatocytes had f"urther decreased, vh1l.e label.l:ing increased 

in other regions of' the cells. In the radioautograph of' the Golgi region 

of' a hepatocyte shovn in f'igure 42, no s1l.ver grains are seen d1rectly 

over the Golgi saccules (G) but some are seen along the .. ture f'ace of 

the Golgi stacks (short vertical arrovs),and others are associated vith 

Golgi vacuoles (horizontal al"rOvs). The rema.1.nder of' the sllver grains 

in th:1.s f'igure are over dense bod:1es (D). Frequently the dense bodies in 

these ceUs occurred in cl.u.~ as shovn in f'igure 43, three sUver grains 

are sean over th1s particul.ar cluster, tvo ly1.ng over dense bodies, and one 

ly1.ng over both a dense body and a multivesl<:Ul.ar body. A f'ourth sUver 

grain in this figure lies adjacent to the œli surface bordering on a bile 



canaJ.icuJ.us (BC). In the inset o~ ~1.gure 43. a heartl.y 1abelled 

multj.vesicular body (MVB) 1.s shown. 

Severa1 grains a1so occurred over the sinuso1.dal surfaces of the 

hepatocytes at th1.s 4 heur tilDe interva1 as shewn in figure 44 (arrows). 

Few grains occur over the cytop1asm of the hepatocytes in th1.s ~1.gure. 

but some reactj.on 1.s seen over the cytop1asm o~ a Kupffer celi (K). 

Counts of the distribution o~ sUver grains over the hepatocytes at 

this tilDe interva1 showed that onl.y about 1~ of the sU ver grains remained 

over the Go1g1. appa.!"atus. vh:i1e near1y 4CYf, occurred over the œli surt'aces, 

and near1y 30.' occurred over the 1ysosomes. Counts of 1abelled and un-

1abelled 1ysosomes showed that over 42$ ot the 1ysosoma1 popul.ati.on vas 

now 1abelled. 
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RADIOAUTOGRAPHIC OBSERVATIONS ON OTHER TISSUES. A suaVE! œ THE 

DISTlUBDTION OF Ja-FUcœE X.ABIU· IN THE RAT 

3 H-tucose label vas taken up into a great var1ety of celi types 

in the rat, in vhich it underwent various tates. .llthough nearly alvays 

localised to one part of the cytoplasm at early t1.me intervals &fter 

injection, the reaction over d1f'f'erent cell types changed in d1f'terent 

ways at later ti.Jlle intervals, provid1.ng the _ans tor soma classification 

ot the rad1.oautographic reactions.1 

mgr.tion of' ~tueose Label to the SUrtaces ot Cells 

In many celi types, the pattern of' radioautographic reaction, as 

seen vith the light microscope, vas sim1.lar to that described in duodenal 

rlllus col'Ullll'1ar ceUs and hepatocytes. These cell types 1nclude 1 

Villus Columnar Cells of' Jejunum and D.eum 

Beer the base ot the ~, villus columnar cells exhib1ted a 

rad:1oautographic reaction s1mi'ar in intensity and pattern ot grain 

distribution to that described in the vilius columnar ceUs ot the 

duodenl1lll. As one ascended the villus, hovever, the intensity ot reacti.on 

rapicUy di.,"" shed, and m' the apical wo thirds of' the v:Ul:1. the columnar 

cells exhibited a negl1gible rad:1oautograph:1c reaction. 

ColUllnar CeUs of' SIaall Intestinal CrYpts 

Colœmar ceUs ot the jejunal. and ileal crypts exhibited a supra­

nuelear reaction of' IDSdilDll intensi ty at early t1me intenals &tter 3H-f'ucose 

injection. 'lbe react1.on over duodenal. crypt columnar ceUs vas comparatively 

1. In addit10n to the rad:1.oautograpb:ic reactions described in the 
f'ol.lov1ng pages, reactions vere also occasional.ly observed over a very f'ev 
other call types such as ret.in&l pigment epithel1&l ceUs, osteoclasts, and 
certa:1n cella of heBIopoetic organs. Also, it should be .. ntioned tbat SOlllB 

tisS\1l88 such as thyroid glaDd, and teeth vere processed and analysed by co-
1IOrkers in these exper1Jaents. Reactions over these tissues are net reported 
in th1s thesis, although the f'i Mi ngs of t.bese vorlœrs are mentioned in the 
discussion. 
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llght (fig. 9), but here too SOllle grains lIere localized over the supra­

nuclear cytop1asm (vertical arrov). With t1me the reaction over the 

supranuclear Golgi regi.on decreased, and more and more sUver grains 

became localized over the apical. surf'ace o~ the cells, so that by 4 

hours &tter injection, a moderate apical sur1"ace reaction vas present. 

By 30 bours &tter injection, many 01" the crypt cells had migrated to 

the lover parts 01" the villl, where they still e:xb:ibited a moderate 

apical surf'ace reaction (Fig. 14). 

Colonie Surface and Crzpt Columnar Cells 

90th 01" these celi types exh:1bited a 1"airly heavy radioautographic 

reaction s1m1'ar to that seen over the v1l.lus columnar cells 01" the 

duodenum; thus at 10 minutes d'ter ~-1"ucose injection (Fig. 45), reaction 

vas 10cal.1zed over the supranuclear Golgi region 01" the sur1"ace columnar 

cells (vertical arrov) and crypt columnar cells (horizontal arrov). The 

intensity 01" the radioautographic reaction vas somevhat less over crypt 

cells near the base 01" the crypts than over those nearer the sur1"ace. 

By 1 hour dter 3a-fucose injection the grain distnbution over the ceUs 

bad completely changed, and nov the reaction vas localized main1y over the 

apical surface 01" the cells, vhi1e the Golgi reg::1on and the base 01" the 

cells contined only lltUe label (Fig. 46). In this 1"eature, the reaction 

over these cells di1"1"ered 1"rom that in duodenal v11lus colwanar cells, tor 

in the latter cells at 1 hour af"ter injection. considerable reaction rema.1.ned 

over the Golgi reg1.on, and many sUver grains vere seen over the l.ateral 

cell surf"aces near the base of the cells (Fig. 11). 

Duct Cells 01" the SUlaaxi" arx G1and 

At early t.1.ae interval.s dter 3a-t'ucose injection (Fig. 47). the 

rad.1.oautographic reaction over these cells vas locaJ.:1.zed to the supra-
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nuclear region (horizontal arroys) whi1e at later Ume intervals, such as 

at 4 hours af'ter 3Jl-t'ucose injectj,on (Fig. 48), the supranuclear local­

ization of silver grains vere no longer present, and instead, a heavy 

line of reactj,on occurred over the lumena1 surt'ace or the cells (horizonta1 

arrows ). Varj,ous other duct cells in the body such as those l.1Jdng 

the isthmus region of the oviduct in remal.e rats and those 11ning the 

ductus epididymus in ma1e rats, exhibited patterns of ra.d:ioautographic 

reactj,on s1m11ar to tbat seen in the subnaxi11 ary gland duct ce11s. 

Oloroid Plexus Epithelial Cells 

The rad:1oautographic reaction over these cells at early time interva1s 

af'ter 3H-.f'ucose injection vas locallzed in the f'orm or paranuclear grain 

clusters (Fig. 491 oblique arrows), and the ventricular surface of' these 

cells vas only lightly labe11ed (vert~ca1 arrow). By 4 hours af'ter 

injection, on the other band (Fig • .50), the si.tuation was completely 

reversed, vith a heavy reaction occurr1ng over the ventricu1ar cell 

surface (vertical arroy) and only lighter labell1.ng remaining over the 

cytoplasm. In some sites, 11nes ot' sllver grains ex'tended al.ong the inter­

face betveen adjacent ce11s (horizontal. arrovs), suggesting the localizatiGn 

of' label over the lateral. cell surfaces. 

A. radioau'tographic reactj,on very simjJar to the one described over 

the choroid plexus epitbe11a1 ce11s vas seen over the epithe11al. cells of' 

the ciliary body or the eye. 

Tubul.e Cells of the K1.dney Cortex 

At the earllest t1me interva1s af'ter 3H-f'ucose injection, substant1al 

uptake of label vas observed only in ce11s of' certain tubules of the lddney 

cortex. !he most prOII1nent rad1.oautographic reaction oceurred over the 

cells of' the long, stra:1.ght ascending loops of' Hen1e (Fig. 51, horizontal 
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arrov) in the medullary rays. When examined at h:igher magni:f'ication 

(Fig. 52) th:1s reaction took the fOrD! of dense clusters of silver grains 

local.ized over the paranuclear cytoplasm of the cells (horizontal arrovs). 

No signif'icant reaction occurred over the nearby proximal. convoluted 

tubu1es (PCT) or descending loops of Hen1e (vertical arrov). In the 

cortical laPyrinth between the medul' ary rays, certain short segments of 

tubules exhibiting heavy reaction vere se en (Fig. 511 vertical arrov­

heads); vhen exam1ned closely,the cells of these tubu1es resembled tbose 

of distal convoluted tubu1es. However, profiles ot unreactive distal 

convoluted tubul.es vere frequently seen in the surrounding tissue. 'l'bis 

indicated that either 501118 parts of the distal convoluted tubules vere 

reactive while others vere not, or the reactive tubules represented parts 

of ascending loops of Henle which penetrated the cortical labyrinth to reach 

tbeir respectiYe glomeruli before becoming distal convoluted tubules. 

At 20 minutes &tter 3H-tucose injection (Fig. 53), the cells of the 

ascending loops of Benle stlll exhibited the most prominent rad:1oautograph:1c 

reaction in the kidney cortex; nov the reaction vas no longer local.ized, 

but covered the apical cytoplasm of the cells (horizontal arrov). At 

th1.s time interval, a reaction of med1.um intensi ty also occurred over the 

cytoplasm of prorlma1 convoluted tuba1e cells (PCT) J at 10 minutes &tter 

3H-fucose injection soma SIIAl.l. localized grain clusters could be seen 

over the paranuclear cytoplasJll of these cells, but by th1.s time interval 

the labelling vas d1f'f'use in nature. 

By 4 hours &tter 3s-tucose injection (Fig. 54), the reaction over 

the prox:iJu.l. convoluted tubul.es (PCT) had become much heavier and vas 

nov the most prominent reaction over the kidney cortex. Most of the silver 
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grains vere now loca1ized over the apical. brush border o~ the proximal. 

convoluted tubu1e ceUs. The radioautographic ~action over the loops 

of Hen1e vas still quite heavy (horizontal arrov), but vas no longer 

as conspieuous as it had been in the earlier tiJDe intervals. 

Endothel.ial. CeUs o~ Cap11)aries 

Reactions over cap")) ary endothelia1 cells consti tuted one of the 

most widespread raci1Oautographic reactions in the body, occurring in 

practical.J.y al1 tissues. Such reactions vere seen to special. advantage 

in sections of cerebral cortex (Fig. 55)· ~_rnu -.1-..\8 

themselves did not incorporate much 3H-.fucose label. The reaction at 10 

minutes after 3H-~ucose is shown in figure 55. At the center o~ the 

~igure is an obll.quely sectioned cap511 ary whose endothel.ia.1 cells exhi.bit 

a ~airly strong radioau'tographic reaction (vertical. arrovs) in wh:ich the 

sUver grains are local:ized over the cytoplasm at the end of the celi 

nucleus--a region occupied by the Golgi apparatus. SiMilar reactions 

coul.d be seen over other smaller cap5')aries, o~ten cut in cross section, 

such as those scattered tbrougbout figure 55 (oblique arrovs). Unless 

the lumen of such sma.l.l. capi)lar1es could be clearly seen, it vas some-

t1mes dif~icul.t to d:i.f"f'erent1ate a reactive endothe1ial cell of' a capil)ary 

f'rom other cail types iD the tissue in wh:1ch the capillary vas 1ocated. 

'lhus i t is possible that the paranuc1ear grain clusters seen at early 

t.ime intervals af'ter J-d-f'ucose injection in the connective tissue core of' 

folds of choroid plexus (Fig. 491 horizontal arrov), in kidney g1omeru1i 

(Fig. 531 G), in pancreatic islets of Langerhans (Fig. 631 TI. - horizontal 

arrovs), and in various other sites, reay represent react:ions over cap111ary 

endothelial. cells. 
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With t1me af'ter injection, the initial localization o~ 3H-:f'ucose 

label in the endothe1:i.a1 ceUs gave way ta an even d:i.stribution o~ the 

label along the length o~ the ceUs. 'l'hus by 4 hours &t'ter ~-f'ucose 

injection, a continuous line o~ reaction vas present al.ong the length o~ 

the endothe1:i.a1 ceUs o~ (Fig. .56, vertical 

arrows). Because o~ the th:i.nness o~ the endothelial cells it vas not 

possible at most sites to resolve with the light microscope vhether or 

not the radioautographic reaction vas loca.1ized al.ong the lumenal sur~ace 

o~ the ceUs. Inspection o~ sites wbere a nucleus vas present (oblique 

arrows), however, showed that the radioautagraphic reaction occurred 

a10ng the lumena1 side ~ the nucleus. 

stratUied Epithe1:i.a1 Melllhranes 

.Al1. o~ the stratUied epithe1:i.a1 membranes o~ the body exh:1bi.ted 

uptake o~ 3H-f'ucose label ta a greater or lesser extent. Such stra~ied 

epithelia1 membranes includ.ed the epidermis o~ the skin, the buJ.b and 

root sheaths o~ ba:i.r ~o11icles, the strati..f'ied epithelia o~ the cornea 

and conjunctiva, the 5tratif'ied epithelia covering the tangue and l:ining 

the oral. cavity, esophagus, and proximal. stomach, and the stratU:i.ed 

epithe1:i.a 11ning the ur1nary hladder and w-etbrao 

In al1 ~ the aoove epithelia1 membMlDes, the same basic pattern 

o~ radioautograph:1.c reaction existed. At the early t:i.me intervals after 

3a-f'ucose injection, the reaction took the ~orm o~ paranuclear grain 

clusters over the germinal. and lIIiddl.e layers o~ the epi the1:i.al membrane. 

A. reaction o~ this type can be seen over the conjunctival epithelium of 

an a.n1ma1 sacrif'iced 10 minutes dter 3B-:f'ucose injection (F.lg. 57). 

Although a certain amount o~ scatter is present, def:i.n1te clusters of 
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sUver grains oceur beside the epithelial cell nuclei, especially over 

the midd1e layers o~ the membrane (vertical arrovs). 

At later tilDe intervals dter Ja-fucose injection, the distM.bution 

o~ silver grains over strat~ied epitheliaJ. membranes vas found to change 

completely. This change is se en when the reaction over the bul.b of a 

hair fo1l:1c1e 1s exam1ned at 4 heurs after :3H-fucose injection, (Fig • 

.58). The sUver grains in many regj.ons of the bul.b are nov localized 

almost exclusive1y over the ceU surfaces, vh:Ue only very light 

1abelling occurs over the cytoplasm of the cells. 

This strong loca.l:1zed reaction over the sur~ace of the stratified 

epi thelial cells vas st1l.l. present even at JO hours d'ter :3H-f'ucose 

injection as seen in the obl.ique1y eut section of conjunctival epi thelium 

shown in figure 59. Nov the most basal cells o~ the epithelia1 1ayer 

(those next ta the cormective tissue vlrl.ch is nov heav1l.y labeiled) do 

not shov a heavy reaction; bowever, the 1a:yers of ceUs ~er out in 

the meJIlbrane exhibit well local:1zed surf'ace reactions. 

Migration o~ Ja-f'ucose Labe1 to Oeil Secretions 

Mncous CeUs 

:3s-~cose vas taken up in varying amounts by all. mucus seereting 

ceUs of the body dter an injeet:ion of this isotope. In ail IIlUCOUS 

cell types, a ailll:Uar pattern of reacUon oceurreda the 3a-f'ucose 1abe1 

vas at first local:ized te the supranuclear Gol.gj. region of the ceil, but 

1ater appeared in the cell secretion itseU. 1hus at early t1me in'terva1s 

af'ter )H-fucose injection a supranuclear rad1.oautographic reaction vas 

seen over duodenal vll.l.us gobl.et cells (Fig. '\. oblique arrows Fig. le 

horizontal arrov), duodenal erypt goblet cells (Fig. '\ s horizontal arrov), 

l. 
'c 
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colonic crypt and surface goblet cells (Fig. 451 obl.ique arrows); sub.­

marlllary gland mucous cells (Fig. 471 vertical arrow), IIUCOUS acinar 

cells of tongue glands (Fig. 621 horizonta1 arrow), surface mucous cells 

or the stomach (Fig. 60), and mucous neck cells of the stomach glands 

(fig. 601 horizontal arrows). 

A.t later tilDe interva1s &fter Ja-fucose injection, the radioautographic 

reaction over IIlUCOUS cel1s appeared over the IIUCOUS secretion itself. '!'hus 

in the glancbùar portion of the stoma.ch, by 4 hours &tter 3H-f'ucose 

injection (Fig. 61), a ve1"Y intense radioautographic reaction covered 

the mucous contents of the ap1.cal portions of the surf'ace mucous cells 

which covered the mucosal. surface and lined the gastric pits. 'lhe 

reaction over the gastric pits (vertical arrov}was of such intensity tbat 

the reactive areas often appeared sol1d black, and the underl1ing IlUCUS 

vas not visible. Heavy reaction a1so covered the layer of JIlUCUS already 

secreted into the stomach lumen. In the deeper portion of the stomaeh 

mucosa, long lines of reaction could be seen (horizontal. an'Ows) wh1ch 

vere continuous vith the reaction over the gastr:tc pits. these 

represented labelled JID1CUS secreted into the lumens of the stomach 

glands by the JllUCOUS neck cells. 

In some JllUCOUS cell types, such as the gob1et ceUs of the colon, 

the rate at vldch the l.abel. lligrated to the JIPlCUS secretion vas much 

s10ver than in the above case; in these cells, for example, the reaction 

at 1 hour af't.er 3a-f'ucose injection (Fig. 46) vas still at the very base 

or the ElCOUS theca of the cells (obl:1que arrows). and had not apprec1ably 

a1.grated over the 1BIlCUS aven by 4 hours af'ter injection. 
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Serous Cells 

Serous cells in vari.ous sites of the body also exhibi ted uptake 

of label d'ter 3H-fucose injection, although the reaction vas not 

usualJ.y as great in intensity as that over mucus secreting cells. 

At the earliest t1me interva1s dter injection, very litt1e reaction 

usua1l.y occurred over cells of this type. By 20 minutes dter injection, 

hovever, as seen in pancreatic acinar cells (Fig. 63), a reaction of 

medium intendty often occurred over the supranuclear cytoplasm 

(vertical arrows in Fig. 63). At later time intervals, the label 

m.grated through the apical cytoplasm of the cells to the acinar lumen •. "-

Cells Secreting Ground SUbstances of Tissues 

Cbondrocytes 

Uptake of 4I-f'ucose label by cartilage cells vas not part'icularly 

beavy as compared to t.bat exhibited by many other cell types. Nonethe-

less by 20 minutes d'ter 3H-f'ucose inject'ion~a def1.rdte react1.on could be 

seen over the cbondrocytes of ep1.physeal plates (Fig. 64) J the reaction took 

the fOl"lll of clusters of si.1ver grains locali.zed over the paranuclear 

Golgi region of tbese cells (horizontal arrovs). React'1on vas beaviest 

over cells iD the zone of elongatien (left band side of Fig. 64), and 

bec.... lighter in the zone of hypertrophy (right band s'ide of fig.64). 

In the latter cells the reaction vas also IIOre d:1f'tuse, altbough some 

grains vere local.i.zed in paranuclear clusters (vertical arrovs). At 

la'ter t1.1De interval.s dter ~f'ucose injection, label appeared di.f'fusely 

tbrougbout the cytoplasm ot the cbondrocy1:es, and react'1on also appeared 

over the cart1.l.age matr1x surround:1ng these ce11s. 

Osteoblaats 

Osteoblasts took up substant'1al. 3a-f'ucose label at early tilDe 
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interval.s atter Ja-f'ucose injectj.on as se en in f'igure 65, wh:ich shows 

the rad:1oautographic reaction over the cancellous bone tissue of' an 

epiphysis at 2 minutes dter injectj.on. The f'igure shows a number of' 

bony spicul.es (B), some of' which have central cores of' cal.cif'ied 

carti1age (C). Along the edges of' the spicu1es are several. osteoblast 

cells wh:ich exhibit a heavy radi.oautograph.:1c reaction. 'l'he silver grains 

over these cells are loc~zed in dense clusters (vertical. arrows) over 

the Golgi region adjacent to the nucleus (1). A considerable number of' 

grains vere al.so f'ound scattered over the bone matrix at th:1s t1:me 

interval.. 

By 4 hours dter 3B-f'ucose injection (Fig. 66), the radi.oautograpb1c 

reaction vas 10calized ma1nl.y over the bony matrix i tse1f' (vertical. 

arrovs) near the interface between the bone and the osteoblasts (nucleus 1 

N) 1 on1y a smal1 amount of' label rema1ned over the osteoblasts thelllSelves. 

The scattered reactj.on seen over the bony matrix at the 2 lIIinute time 

interval vas not present at this t1me. 

By 30 hours dter 3H-tucose injection, (Fig. 67), the radioauto-

graphic reaction üver the Douy matr'...x .-u seen as a heavy line of' 

reaction (vertical arrovs) located a considerable distance avay trom 

the osteoblasts (nucleus 1 N). Mach Iess reaction occurred over the 

area of' bony matrix betveen the line of' heavy reactj.on and the osteoblasts. 

Within the bony spicu1es, some rad:ioautographic reaction coul.d al.so be 

seen over the bony matrix which surrounded lacunae containing osteocytes 

(obli.que arrovs). Many of' these cells bad exhibited localized reaction 

over tbe1.r paranuclear cytop1.asa at earl:1er tilDe interva1s. 

Fibroblasta 

Rad1.oautographic reaction occurred over connective tissue in sites 
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ail over the body after a-fucose injection, and at late t1me intervals, 

tlrl.s reaction became one of the lIIOst prominent reactions seen in the 

tissues. 

At early t1me intervals dter 3H-1'u.cose injection, the label vas 

of'ten local1.zed in clusters adjacent to elongated nuclei. Such 

localizations vere especia1ly we1l seen in loose connective tissues 

such as the lamina propria of' small intestinal v1ll1 (Fig. 10. vertical 

arrow), the lamina propria between colonic crypts (Fig. 45), and the 

10058 connective tissue beneath conjunctival epithell'W1l (Fig. 57. oblique 

arrow). It is possibl.e tbat these localized grain clusters represent 

Golg1localized reactions over the cytoplasm of' f'ibroblasts. 

At later t:1me interval.s d'ter 3H-fucose injection the reaction 

over connective tissue became intense in many tissues. In the connective 

tissue underly1ng the conjunctival epitheli'Wll (Fig. 59), the connective 

tissue reaction not on1y f11led the space betveen the conjunctival 

epithell1lm and the underly1ng striated IIlUScle, but it Aleo appeared to 

penetrate between the 1nd:1v1dual. str1.ated 1IIUscle f'ibers, maldng it 

dif'f'ieul.t to determine whether the reaction at the surf'ace of' these 

fibers represented a cell surface reaction, or vas reaction over strands 

of connective tissue betveen the muscle cells. 
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DISCUSSION 

Metabolism o~ L-Fucose 

L-fucose is not thought to occur as a ~ree sugar in the blood of 

mammals (Cantarow and Trumper, 1962; Bell, 1962) although itr. presence 

has been shown in human Jpi1k (Heyns et al., 1956). In normal body metabollsm, 

the !'ucose residues occurring in the carbohydrate moieties o!' glycoproteins 

are beli.eved to he derived ~rom GDP-!'ucose which in turn is derived by 

enzymatic conversion !'rom GDP-mannose (Foster and Ginsburg, 1961r Segal 

and Topper, 1960) (see 'l'ext-Figure 1). 

Free fucôse can be utilized by ani.ma1 tissues, however. Af'ter 140-

!'ucose is injected intraperitona11y into an animal, the label is rapicUy 

c1eared !'rom the blood serum (Bekesi and Winzler, 1967) vith only 1.5~ 

of the administered dose remaining at 1 hour af'ter injection. Simi1arly 

dter an intravenous injection, the label is rapicUy cleared !'rom the blood 

(Bocci and Winzler, 1969). 

Some label (J~) appears as !'rae !'ucose in the urine (Co!'!'ey at al., 

1964; Bekesi and Winz1er, 1967), but other label is taken up by the cells 

of various tissues. To be used in metabollsm, the fucose appears ta be 

first phosphory1ated and tben converted to GDP-.fucose (Bekesi and Winzler, 

1967) (Text-!'igure, 1); the enz.}lm8s wh:ich catalyse tbese steps bave been 

isol.ated from 1iver (l'5M b-ra and Heath," 1968; Ishihara, Massaro and Heath, 

1968). However other tissues can per!'orm these conversions as well 

{Bekesi and Winzler, 1967J Kauf'man and Ginsburg, 1968}. In HeLa cells, 

exogenous1y administered .fucose increases the concentration of intra-

cellular GDP-f'ucose by 100 t'old (Kau!'man and Ginsburg, 1968), which 

probably oceurs because GDP-1"ucose is thought to be di.rectly formed trom 

exogenous .fucose, (Bekesi and Winzler, 1967) ~this pathway vould thus bj-

pass the two enZj'matical.ly cataJ..ized reactions by llhich GDP-fucose is 
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normall.y synthesized in these cells (mannose-1-P-. GDP-mannose-+ GDP-f'ucose) 

and the rates o~ which are normally regul.ated by the intracellular level 

o~ GDP-~ucose via feedback inhibition. 'lhis phenomenon may explain the 

observation of Bel(esi and Winzler in rats that although labelled fucose 

vas rapicny removed ~rom the circulating blood with only 1.5tJ, of the 

administered dose remai.ning at one hour, in most of the tissues the 

TCA sOluble radioactivity, due in part to GDP-fucose, increased with 

time, reaching a peak at 40 and 50 minutes after injection in the small 

intestine and l'iver respectively (Bekesi and Winzler, 1967). 'nlis 

presence of labelled GDP-fucose in cells for as long ~50 minutes 

alter injection of the label suggests that although the administration 

of labelled fucose by a single intravenous injection may approximate a 

pulse dose in terms of availabilityof labelled fucose to the cells from 

the circulating blood, the availabilityof labelled GDP-fucose within 

cells for glycoprotein synthe sis would appear to last for a ~nger periode 

The possible importance of th:1s tact will be discussed later in this 

thesis. 

Fucose is not converted to glycogen (Shull and Miller, 1960; 

Coffey, Miller and Sellinger, 1964), and very little fucose is broken 

down into smaller Metabolites, for alter 6-10 hours, only 1.o-l.~ of the 

label appeared as 002 (Coffey, Miller and Selllnger, 1964; Bekesi and 

W:1nzler, 19(7), and even this may not be due to metabol'ism of the JH_ 

f'ucose by the rat tissues but rather by intestinal microfiora (Bocci and 

Winzler, 1969). Indeed, when several tissues were hydrolyzed and then 

the hydro1ysates vere subjected to paper chromatographie analysis, fucose 

vas the only radioactive campement that could he demonstrated (Bekesi and 

Winz.1er, 1967). 1his is probably because of the 1.rreversability o~ the 
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GDP-mannose-. GDP fucose conversion (Text-F:igure 1)_ wbich prevents 

fucose from being converted to other monosaccha.r:ldes, some of which 

coul.d enter the glyco1yti.c cycle. 'Dle main fate of the 1abelled GDP­

fucose (TeJCt-Pigure 1) is to incorporate i ts fucose moiety into the 

carbohydrate side chains of various glycoproteins inc1uding those in 

intestine, llver, and brain, and in various surface membranes (Coffey et 

al., 1964; Kornf'e1d et al., 1965; Grollman and Marc.:us, 1966; 

Bekesi and Winz1er, 1967; Kaufman and Ginsburg, 1968; Louisot et al., 
1968; Bossman, Hagopian and Ey1ar, 1968b; Bocci and Winz1er, 1969; 

Intton and Barondes, 19JO; Zatz and Barondes, 1910; Buck, Glick and 

Warren, 1970; Muramatsu and Nathenson, 1970 J Herscovics, 1970). 

Labelling experiments indicate that here again there is no conversion 

to other sugar residues, for when 14:C-fucose is incorporated into glyco-

proteins, litt1e if any label appears in sugar residues other than 

fucose (Bekesi and Winzler, 1966; J[aufman and Ginsburg, 1968; Herscovics, 

1970). Bosmarm, Hagopian and Ey1ar 0968 ) have shown the presence, 

in the smooth membrane fraction of HeLa cells, of two highly specifie 

fuc')sy1transferases which transfer fucose :!"esic:Iues from GDP-fucose 1nto 

glycoprotein side chains. In preparations from human subma.xillary gland 

and stomach, on the other band, Chester and Watkins (1969) have shown 

the presence of three specifie fucosy1transferases which incorporate 

fucose residues into glycoproteins with H, Laa, Lab blood group activity. 

The cotlbination of these fucosyltransferases present appears ta be genetically 

controlled by the b100d group status of the individual. 'Ihus injected 

free fucose is most1y used for glyeoprotein synthesis in rats. 'lhe tissues 

14 vhose glycoproteins are most heav11y labelled after C-f'ucose injection 
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are sma11 intestine, liver, and blood serum, but ail ti.ssues contained 

some labelled protein-bound fucose (Bekesi. and Winzler, 1967). It should 

be znenti.oned that fucose rendues May also occur in some membrane glyco­

lip:ids (W;-nzler, 70a) and the incorporation of some labelled exogenous 

fucose into membrane glyeollpi.ds has been demonstrated by Bosmann, 

Hagopian and Eylar (1969). This incorporation appears to occur :in the 

smooth membrane fracti.on and m:ight utilize the same fucosyltransferases 

as those whi.ch incorporate fucose into g1yeoproteins in this fract.:lon 

(Bosmann, Hagop1.an and Eylar, 1968). 

Interpretation of Results Obtained in Duodenal Vi.llus Columnar CeUs 

Nature of Labelled Substances 

Rad:ioalltographs of duodenal vi.llus columnar ceUs alter ~-fucose 

injeeti.on indicated that these cells incorporated considerable label. In 

attempting to interpret the nature of the substance or substances 

conta.:i.ning th1.s label, certain conclusi.ons can be drawn based on the 

preparati.ve techniques used. Since small D1Olecul.es would have been 

washed out of the ti.ssue during the various steps of preparati.on for 

embedding, it May be assumed that the label !'asi.des in macromolecuJ.es. 

Furthermore, since many of the soluti.ons through which the tissues were 

passed were 1ipi.d solvents, such as acetone, i.t is li1œly that most 1ipids 

-were also lost (although some glycollpids may be retained, (Hambourg, et. 

al., 1966». S'ince treatment vith alpha amylase did not have any effect 

on the react1.on over these cells, the 1abel was not in glycogen. 'lhi.s 

leaves only three types of substances, nucleic acids, proteins and 

gl.ycoproteins. The nucleic acids may be dismissed si.nce their presursors 

(%-thymidine, :3!!_uridine) are taken up on1y in nuc lei.. 50 may proteins, 
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since their precursors (Ja-leucine) are ta.ken up in basophilie regions 

of ceUs and nuclei. 'lhe 4i-fucose label was not taken up in nuclei 

and rarely in bas6ph:i1:ic regions, but usua11y in the Golgi apparatus. 

'l'hus it is likely that the f'ucose label was taken up in the last of 

the three substances mentionedl g1ycoprotein. 

'Ihis contention is supported by strong biochemical evidence, as 

discussed in the prerlous section of this the sis , which shows that 

injected 14C-f'ucose label is not converted to glycogen or appreciably 

brolœn clown to sma11er metabolites, but is in ste ad incorporated into the 

fucose residues of the carbohydrate moieties of glycoproteins. 

The heavy reaction over the duodenal. vi11us columnar ceUs in 

the present study is in accord with the findings of both Coffey, Miller 

and Sellinger (1964), and Bekesi and Winzler (1967) that sma11 intestine 

(and liver) were the most heavily labeUed tissues af'ter 14 C-fucose 

injection into rats. 'nle authors of both of these works implied that the 

glycoprotein(s) in the sma11 intestine might be mucin. However, in the 

present investigation, the mucin secreting goblet ceUs of duodenum, 

al.though reactive, took up less label than colUllll'lar cells did. Furtbermore, 

goblet ceUs comprised only about one-twentieth of the epithelial. ceU 

population. 'lhus the g1ycoprotein anal.yzed by Coffey, Miller and Sellinger 

(1964) at 1 hour after injection of labelied fucose, that is, at a tilDe 

when the present experiments showed much of the label at the celi surfaces, 

may have consisted ma.in1yof celi coat material produced by columnar celis 

(Fig. 11). Since methods have recently developed ~or the isolation of 

a highly purified pJasma membrane fraction from the brush border fraction 

of intestinal. columnar ceUs, (Fors"tner et al., 1968b), these ceUs 

eonstitute an excellent model for the study of surf"ace glycoproteins. 
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Forstner has demonstrated the incorporation o~ 14 C-glucosamine 

label into glucosamine and sia.1ic ac:id residues o~ glycoprotein material 

assoc:iated with th:is plasma membrane ~raction in rat sma1l intest:inal 

columnar cells (Forstner, 196&, 1969). In a more recent paper, Forstner 

has shawn the presence o~ tbree ~unct:ionally distinct classes o~ glyco-

proteins in the rat smaJ.l intestinal mucosa. One o~ these vas associated 

w:ith the brush border plasma. membrane ~raction o~ columnar cells as described 

above, and a second occurred in the lumen. 'Ihese two classes vere rapidly 

and highly labelled by 14Q-glucosamine. A thi.rd class remained poorly 

1abelled and did not enter the brush border or luminal compartments; it 

vas suggested that this glycoprotein might represent basement membrane. 

A1l o~ these glycoproteins were shown to contain ~ucose residues as weil 

as sialic acid, hexosamine, and hexose residues (Forstner, 1970). '!he 

~act that they contained almost no hexuronic ac:id ind:icated that these 

substa.?lces consisted o~ glycoprotein rather than mucopolysacchar:ide. 

Another type o~ ev:idence as to the nature o~ the substances into 

which the %-fucose label may be incorporated in the present study, :is 

provided by his'tochemi.cal stain:ing of the duodenal villus columnar cells. 

As shawn in Figure 2, all of the surfaces of these cells are pos:itively 

stained by the PÂ-Schiff stain, as is soma of the cytoplasmic material 

:in the Golgi region of the cells. Since this stBining :is not decreased 

by amylase tre.atment, it is not caused by glycogen, and may be considered 

to represent glycoprotein. In the electron microscope, the cell surfaces 

and Golgi apparatus vere stained by the phosphotungstic acid stai."'l 

(Figures )4-J6). A.1thoug.lot t..lote specificityof this sta.in1..."lg technique for 

glycoproteins has been questioned (Silverman and Glick, 1969; Gllck and 

Scott, 1970; Scott and Glick, 1971), empirica1 evidence t.ha.t aqueous 
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phosphotungstic acid when used at a low pH (less than pH 1) is reasonab1y 

specif'ic for glycoprotein is very great, in that its staining pattern is 

ident:ial to that of the PA-Schif"f (Hambourg, Remandez and Ieb1ond, 1969; 

Rambourg, 1969a; Pease, 1970) technique or the PA silver-methenamine 

techn:ique in the e1ectron microscope-which are known to be specific for 

glycoproteins ( in amylase treated sect'ions). In addition Hambourg (1968) 

has perf ormed a number of in vi. tro exper:i.ments wi. th a variety of biological 

substances wh:i.ch support the conclusion t.l}a.t it is carbohydrates that 

combine with aqueousphosphotungstic acid at lov pH. In the present study, 

1abelling after 3H-fucose injection vas specifically localized at all 

time intervals to structures stained vith phosphotungstic acid. '!he se 

results are thus a fUl-ther indication that the labelled materi.al in these 

cells consists of glycoprotein. Ql the other hand, these findings provi.de 

added evidence for the specificity of the phosphotungstic acid technique 

for glycoproteins. 

Site of Incorporation of 3a-fucose Label 

At two minutes after 3a-fucose injection, e1ectron mi.croscopic 

radioautographs of duodenal. villus co1umnar ce11s revealed that the great 

majority of silver grains occurred over t.~e Golgi apparatus (Figs. 15 and 16). 

Grain counts at t1rl.s time interval showed that almost 8~ of the silver 

grains vere loca1.ized over th:is organelle. S'ince, in the short t1.me 

interval. of two minutes, glycoprotein macromo1ecu1es which had incorporated 

3H_fUcose label would probabl.y not have migrated far, it can be assumed 

that the 1abelled glycoproteins occurring in the Golgi apparatus at this 

time incorporated their 3a-fucose label vithin this same organelle. Since 

sugar residues are most likel.,y added onta grow.i..."1g carbohydrate side chains 

of glycoproteins one by one, and since f'ucose occurs as a terminal. residue 
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on the end of such chains, i t would pro bably be one of the last sugars 

added. Hence the uptake of Ja-fucose label in the Golgi apparatus 

within two minutes alter injection ind:i.cated that the synthesis of at 

least some of the carbohydrate side chains of the glycoprotein MOlecules 

are completed in th:1s organelle. 

'!hese results are in accord with those recently obtained in this 

depar"tment by Haddad, Saith, Herscov.ics, NacUer and Leblond (1971) in 

thyroid foJ.lj.cular cells and by vleinstock and Weinstock(19?1) in odon-

toblasts. 'lhus ev.idence from ail of these studies ind:i.cates that the 

completion of the carbohydrate moiety of glycoproteins ( or at least some 

of their side chains) oCCllrsin the Gol.g:i. apparatus, and corroborates 

the findings of the various b:iochem:ical studies which indicated that fucose 

label vas incorporated into glycoproteins in the smooth membrane fraction 

(which would contain the Golgi apparatus). 

But what of the sites of add:i.tion of those sugar residues located 

more internallyon the carbohydrate side chains? Biochemical studies 

indicated that soma of these vere also added onto carbohydrate side chains 

in the smooth membrane fraction. Were they also added in the Golgi 

apparatus? A number of radioautographic studies have been nov carried out 

wh:ich prov:i.de answers to these questions. 

The results obtained from the electron microscopie radioautographic 

study of duodenal columnar ceUs alter 3g-galactose injection showed that 

t.h:is label was also taken up mostly in the Golgi apparatus at two minutes 

alter injection (Fig. '-8) (Bennett, 1970), indicating that galactose vas 

also added on to carbohydrate side chains of glycoproteins vi thin t.1-te Gol.gi 

apparatus. A si.m:1lar localized uptake of 3E-galactose label l:>.as recently 
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been reported in a number of cell types, inclu.cling jejunal vi11us 

columnar cells of adult rats (Jersild, 1968), ileal vi11us columnar 

cells of cats (Ita, 1969), thyroid follicular cells (Whur, Herscovics, 

and Leblond, 1969; Haddad, 1971a), hepatocy'tes (Droz, 1966), ame1o'blasts 

(Weinstock, 1969), and plasma. tumor cells (Zagury, Uhr, Jamieson and 

Palade, 1970). '!hus gal.actose, appears to be incorporated into carbo­

hydrate side Chains w:i.thin the Golgi apparatus, showing that, not on1y 

such terminal sugars as fucose, but also penultimate sugars such as 

galactose May be added in tbis organelle. This resuJ.t is in accord w:i.th 

the recent localization of galactosyl transferases to Golgi rich cell 

fractions by a number of investigators (see Introduction). 

In the case of sugars located more internalJ.y on the carbohydrate 

side chains, a different radioautographic pattern is obtained. Thus Whur, 

Herscovics and lsblond (1969) found that JH- mannose label was ineorporated 

in the rough endop1asm:i.c reticulum of thyroid follicular cells at early 

time interva1s after administration. ~-g1ucosamine was found to be 

initially taken up in the rough endoplasm:i.c reticulum of thyroid follic1Ùar 

ce1ls (Haddad et al., 1mb), while in tumor plasma. cells (Zagury et al., 

1970) ,JH-glucosam:ine label was incorporated ma..inl.y in the rough endoplasmic 

reticulum, but al.so to a signj.fieant extent in the Golgi apparatus. 

'!hese latter resul.ts were talœn to indicate incorporation of some of the 

glucosamine into newly formed or forming polypeptides as innermost residues 

of carbohydrate side cha:ins wh.il.e the remainder ..are incorporated into 

more peripheral. regions of the carbohydrate side chains and later in the 

intracellular l:ife of the molecu1e. 

In the duodenal. v1.ll.us co1umnar cells of the present investigation, 

1.ight microscopic rad:ioautographs shoved that JE_mannose and JE-gl.ucosami.ne 
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(and also ~-glucose and JH-ribose) were incorporated by the cells 

(Bennett, unpublished), but not to as great an extent as %-gal.aetose 

or ~-fucose. In addit20n, the label in each case vas scattered over 

the cytoplasm at early time intervals in a pattern simil.ar to that 

observed soon after an inject20n of ~-leucine (Bennett, unpublished). 

Tbese results suggest that these labelied sugars (or labelled sugars 

metabo12ca11y derived from these in the case of JH-glucose and JH-ribose) 

were taken up into glycoproteins mostly in the rough endoplasmic reticu1um. 

In colorie surface columnar ceUs, on the other hand, a fa1.rly sharply 

locaJized reaet20n was seen over the Golgi region at 5 minutes after 

JH-glueosamine inject20n (Bennett, unpublished), suggesting that most of 

the labelled glueosamine in these cells is incorporated within the Golgi 

apparatus. 

Thus rad20autographic st.udies support the concept of sugars being 

added onto growing side chams of glycoproteins one by one, and in 

addition show that the sugars are added as the moleeu1es pass from the 

site of polypeptide synthesis in the rougb endoplasmic retieu1um to the 

Golgi apparatus. '!hose sugars nearest to the ends of the carbohydrate 

cha:ins are added last in the Golgi apparatus. 

The S1.gnifieance of Silver Grains Oecurring Olttside of the Golgi 
Anparatus at Early Ti:me Intervals 

In the present study, not al1 of the >::r-fucose label vas localized 

ta the Golgi apparatus of duodenal vill.us columnar cells at 2 minutes after 

injection. Thus in figures 15 and 16 SOlni! grains occur over the cytoplasm 

outsi.àe the Golgi region, and some others oceur over lateral membranes. 

Grain counts (Table III) at this ti.!œ interval showed the presence of about 

~ of the grains over the lateral cali membranes. 'Ihis labelling could 
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suggest incorporation of 3H-fucose label into glycoproteins at the celi 

membranes themselves. However since milch fewer grains oc~urred over the 

api.cal or basal cell membranes, and those occurring over the lateral 

cell membranes were over regions of these membranes near te the Golgi 

apparatus, it is qu:ite possible that these grains represented labelled 

glycoprotein which has already migrated from the Golgi apparatus to the 

cell suri"ace. 

Most of the silver grains over the cytoplasm outside of the Golgi. 

regi.on at thi.s early time interval appeared to be over the edges of 

mi. tochondria or over cisternae of rough endoplasmic reticuJ.um surrounding 

mi.tochondri.a. At a1l tilDe intervals a certain proportion of silver 

grains occurred in these locations. It is possible that this label represents 

incorporation into materi.al unrelated to the synthesis and mi.gration of 

material through the Golgi apparatus. Conceivably some fucose breaks 

down into Metabolites which give rise te amino acids and these are incor-

porated into proteins in the cisternae of rough endoplasmic reticuJ.um. 

14 
On the other band, Bosmann bas shown that C'-labelled fucose, as well 

as 14C-labelled gal.actose, mannose, and glucose, are incorporated into 

glycoproteins by isolated rat liver mitochondria (Bosmann and Martin, 1969) 

suggesti.ng that the scattered 3H-fucose label in this study could be 

incorporated by the mi.tochondri.a themselves. Indeed the localization of 

such silver grains appears very si.milar te that of silver grains in 

electron c:icroscopic radioautographs of ld.dney tubule cells obtained by 

Bergeron and Droz, (1969) at early time intervals after injection of 

JE-leucine to 40 gram rats. '!hese authors interpreted that this label 

vas i.l'lCorporated into newly synthesized mi.tochondria1. proteine 
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M:i.&ration of 3H-fucose Label ta Cali SUrfaces 

Although DlOst of the 3H-fucose label vas conf'ined ta . the Golgi 

apparatus at early time intervals after injection, label accumulated 

rapid1y over the celi surface membranes 7 w:ith tilDe. '!he lateral celi 

membranes became labelied MOst rapid1y (Table III, Graph 1), but by 

20 minutes (Figs. 21-24) after injection, bath apical and lateral celi 

surfaces were substantial1y labelied. '!hese results strong1y suggest 

that labelied material migrates from the Golgi apparatus ta the celi 

surfaces. The fact that those surfaces nearer to the Golgi apparatus 

(lateral surfaces) became more rapid1y label1ed than those further 

away (apical surface), suggests that labelled material migra;tes away 

from the Golgi apparatus at a somewhat uniform rate, reaching those 

regions of surface membranes near ta the Golgi apparatus sooner tban 

regions further avay. 

Two problems must be considered, however, in accepting the 

interpretation that the above reactions over duodenal. columnar cel1s 

indicate the migration of label from the Golgi apparatus to celi surfaces. 

'!he first problem relates to the local:iz.ation of label to the celi 

surfaces. As out1i.ned in the Y.aateri.als and Kethods section of this thesis, 

any si.lver grain occurring with.i.n a distance equal to h.aJ.f its own 

d1.ameter from a celi surface vas classified as being over that celi 

surface. It vas exp1ained that any grain within t.lds distance of the 

surface membrane couJ.d have the surface membrane as i ts possible radio-

active source, accorcling to the calculations of N. J. Radler in this 

department, (un~bl.i.shed) (see also NacUer, 1971). It is equa1.1y possible, 

of course, that the radioactive source for the grain could lie in the 

region of the cytoplasm near to the surface membrane. It vas reasoned, 
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bowever, that at least in the case o~ the lateral and basal celi sur~aces 

tbi.s region o~ cytoplasm. did not appear to di.f~er in any vay from the 

remaining celi cytop1asm, and since most of the remaining cytoplasm vas 

not heavi.1y labelled, 1.t vas unlikely that tlds regj.on of cytopléBlIl adjacent 

to the celi surface membrane would be spec1.f1.cally labelled. 'lhus the 

gra1.ns in tlds reg1.on vere assigned to the surfaee membrane. Along the 

ap1.cal celi surface, bordered by the terminal web cytoplasm, the s1.tuation 

was somewhat different as wi.l.1 be discussed later on in this thesis. 

The second problem relates to the fact that the amount of label in 

the cells did not remain constant over the time period studied, but 

rather increased du.r1ng the first four bours, and fell again by 30 bours. 

e Compare reâction at-l hour (Fig 11,- exp. 3 wks) "1dth réaction at.2 Ddnute. 

(Fig. 9 - exposed 8 weeks). 'lh:is would indicate that in terms of the 

availability of the immediate precursor for incorporation into glycoproteins, 

ie. GDP-fucose, a pulse dose of very short duration is not provided by 

a single IV injection of the isotope. A.cco:rding to bi.ochemical observations 

(Q,ffey at al.., 1964) the level of labelled ~ucose in the c1.rculating 

blood rapicUy fa11s atter injection reaching on1y 1.5~ of the original 

by 1 hour. However, the level of non-protein bound labelled intermediates, 

perhaps representing fucose-l-P and GDP-fucose reaches a peak by 1 hour 

(Bekesi and Winzler, 1967) indicating that the availability of GDP-fucose 

for incor~ration into glyeoproteins may be fairly long. 'lhis is suggested 

in the present study by the increase in total reaction over duodenal. 

vi.11us columnar cells over this one hour periode This i5 a1so suggested 

by the continued substantial reaction over the Golgi apparatus at the 

20 minute and 1 hour time intervals (Figs. 22 and 26), for the continued 

presence of label in this organelie would sugge5t that nell label 15 
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continually being incorporated. 

Under the above condit'ions, the change in percentage di.str'ibut'ion 

o~ silver grains at dif~erent tilDe intervals does not in 'itself prove a 

tran~er o~ labelied material from one celi compement to another. Nonethe-

less, the fact that the Golgj. is heavily labeiled at early time intervals 

whil.e the ooli surf'aces contain almost no label, and yet by 20 minutes 

the ceil sur~aces become heavily labeiled, strongly suggests that the 

label of' these ceil surfaces comes f'rom the Golgi apparatus. Addit'ional 

evidence o~ this pathway comes f'rom the f'act that the Golgj. loses most of' 

i ts labelling by 4 hours af'ter injection (Figs. 27 and 35) whi1e the ceil 

sur~aces are more heavily labelled than be~ore. '!he present study there-

f'ore suggests that intestinal columnar ceils man~acture their own ceil 

coat and that the synthesis o~ this material 'is completed in the Golgi 

apparatus. 

'!he f'irst evidence that the ap'ical sur~ace coat material of' 

intestinal. columnar cells vas produced independently by each ceil rather .. 
than by ne'ighbouring goblet cells vas provided by Ito (1965) and Ito and 

Revel (1966) Wo showed that when pleces of cat intestine were incubated 

vith 3g_glUcose and other labeiled sugars and the labels were followed 

by electron microscopie radioautography, radioautographic react'ion appeared 

first over the cytoplasm of' the columna.r ceils, and af'ter 1 hour, over 

the ooil coat o~ the apical surf'ace. 

'lbe possible intracytoplasm:ic site of' the cail coat synt.hes'1s 

vas suggested by llght microscopie radioautographic studies showing the 

early 10ca1.ization o~ JH-ga1.actose label to the Golgi region of duodenal 

villus columnar cells af'ter ~-gal.actose injection into young rats, 

folloved by appearance of the label at the str1a.ted border, (Neutra and 

Leb1ond, 1966: Bennett, 1967). 'lhis early localization of 35-gala.ctose 
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label vas confirmed in the eleetron microscope by Jersild (1968), but 

thi.s author did not show the passage o-r label to the ap:i.caJ. surf'ace. 

In more recent in vitro radioautograph:ic studies, Ito (1969) reported 

incorporat:i.on of' tr:i.tium-labelled mannose and galactose into the Golgi 

apparatus of' cat intestinal. cells at early t:i.me ":intervals, f'oUowed 

by appearance of' label at the ap:i.caJ. surface coat at later times. 

Recent ev:i.dence f'rom biochem:i.cal f'ractionat:i.on studies bas also 

indicated a migrat:i.on of' labelled mater:i.al f'rom the Golgi apparatus to 

the ap:i.cal surf'ace of' intestinal columnar ceUs. Thus Forstner (1969) 

injected 14 C-glucosamine into adult rats, and af'ter su:i.table time intervals 

f'ract:i.onated the small intestinal MUCosa. At 1 hour af'ter inject:i.on 

the most radioact:i.ve g1ycoprotein occurred in the m:i.crosomal f'ract:i.on 

(containing smooth endoplasmi.c reticulum and f'ragments of' Golgi apparatus). 

By 3 hours however, mi.crosomal radio ac t:iv:i.t y had dimin:ished and now the 

heavie st labelling wasof' the glycoproteins of' a p.1ri.f:i.ed brush border 

plasma membrane fraction, thus indicat:i.ng a m:i.gration of' labelled gly-

coprotein f'rom the microsomal fraction to tbis fract:i.on. 

Migration of' Label to the Lateral. Cali Surf'ace 

In the radioautographic studies of Ito and Revel ci ted Aboye 

(Ito, 1969), no evidence of migration of' label from the Golgi apparatus 

to the l.ateral and basal. surfaces of' the cells vas f'ound, and it was 

suggested that the glyeoprotein coatingsof' these surfaces were relatively 

stable components that turned over less actively than the coating on the 

apical celi surface (Ito, 1969). In the above mentioned llght microscopie 

studies of the radioautograpb:ic reaction over rat duodenal columnar ceUs 

after >:i-galactose injecti.on, some reaction did appear over the lateral 

ceil surfaces at la"ter tilDe intervals, suggesting that so:œ 3?.-gaJ.actose 
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label did migrate f'rom the Golgi apparatus to these surf'aces (Bennett, 

19(7). When rea.ction over these ceUs a.f'ter %-galactose injection was 

examined in the electron microscope (Bermett, 1970), as part of' the 

prel.:1.m1nary studies f'or the present investigation, it was f'ound that 

the ~-ga.1actose label vas at f'irst strongly localized to the Golgi 

apparatus of' the ceUs (Fig. 68), but later also appea.red at the apical 

cell surf'ace (Fig. 691 mv). It can be seen f'rom this f'j,gUre, that many 

silver grains also occurred over the :Lateral ceU membranes, However, 

numbers of' silver grains appeared over the cytoplasm of' the celis as well, 

perhaps due to the incorporation into pro te in in the rough endoplasmic 

reticuJ.um of' labelled amino acids derived f'rom metabolites of the 3s-galactose 

or to 1ncoporation into mitochondrial glycoprotein (Bosmann and' Yartin, 

1969). This scattered reaction made it dif"f'icult to establish vith 

certainty that a reaction·occurred over the :Lateral œU surf'aces. In the 

electron microscopic radioautographs a.f'ter ~-f'ucose injection, this 

10ca.1ization to lateral celi membranes is more convincingly shown (Figs. 

23, 23 27). 

Migration of' Label to the Basal Cali Surface or Basement Membrane 

A f'ew silver grains appeared over the basal surf'ace of' duodenaJ. 

villus columnar cells at later tilDe intervals dter 3H-fucose injection 

(Figs. 24 and 28). Eowever, the percentage of' grains over this surf' ace 

was much smal.1er than that over the :Lateral celi surfaces. 'lhis is 

partly explained by the much sma.ller su.,.-face area of the bas al membrane, 

but aven in photo graphs, the numœr ~ grains occurring over t!le basal 

surface membrane par uni.t length appeared to be smaller than that 07er 

the lateral :z:embranes. Grains occurring ôver the basal surface nembrane 

also, of necessity, lay over t..~e nearby base!!lent :œnbrane. A nU!nber of 
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studies in recent years indicate that epithelial ceUs are at least 

partly responsible for thë synthe sis o~ their underlying basement 

membrane (Kurtz and Feldman, 1962; Hay and Revel, 1963; Revel, 1965; 

Young and Ocumpaugh, 1966; Pierce and Nakane, 1967; Oshima, et al., 

1967; Kenyan, 1969; Nadol and Gibbons, 1970; Striker and Smuckler, 

1970) and there is evidence ~~t the Golgi apparatus is involved in 

this synthesis (Revel, 1965; Trelstad, 1970). Fucose is not a com-

ponent of one type of the carbohydrate si.de chains o~ basement !Il9mbrane 

collagens (type 4 1.n Tex"t-Tab1e II) (Spiro, 1969), but does occur in 

a second type of carbohydrate side chain (type la in Text-table II) 

(Spiro, 1967). In the present study, however, the f'act tha.t the 

reaction over the basal ce11 surface is no heavier ~~ the latera1 

surfaces, and perhaps is llghter suggests that Ja-fucose label does 

not migrate, at least in large amounts, ~rom the Golgi apparatus o~ 

the se celis to their under1ying basement membrane. 

l-bde of' Transport of Labelled Glycoprotein from the Golgi Apparatus 

to The 0e1l Surfaces. 

In their radioautographic studies on cat intestinal ceUs, lto 

and Revel (1968) and lto (1969) reported that no definite cytoplasmc 

structure, such as a vesicul.a.r or. tubular system, could be identtlied 

in the cells, that m:i.ght be responsib1e for the transport of labe1led 

glycoprotein !rom the Golgi apparatus to the apical celi coat. 

In the duodenal villus columnar ceUs of the young rats used in 

t.'-1e present study, hovever, a number of smooth surf'ac~cytop1asnd.c 

vesicles were observed, vhich averaged about 140 mp. in diameter. The se 

vesicles occtL."'Ted in a1l regions of' t:"le cytoplasm. but vere especially 

conc-entrated il' wo areas, t.~e api.cal. te!"I!IL"1al web region of cT~P1asm 
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beneath the microvillus border (Fig. 4), and the vicinityof the 

Golgj. apparatus (Fig. 71 V). '!he contents of these vesicles .. ~re 

mostly electron lucent, but the vesicles contained some filamentous 

material wh:ich vas similar in appearance to the ceU coat covering 

the microv:UJ.:i (Fig. 7) • '!he membranes of the ve sicle s is sim; J ar 

in th:iclmess to the apical ceil membrane, and while vesicles were 

almost never seen in the process of fusing with (or being derived from) 

the apj.cal surface membranes, occasional· profiles (Fig. 4, horizontal 

arrov) indicated that such a process might occur. In the Golgi region 

(Fig. 7) it could be seen that the cytoplasmic vesicles resemble Golgi 

vacuoles (GV) suggesting that they might arise from these. (See also 

Fig. 68). '!bus while it vas possible that these cytoplaslldc vesicles 

were derived by pinocytosis of the apical caU surface, it was also 

possible that these vesicles formed from Golgi vacuoles and were the 

carriers of cell coat material to the ceil sur1'ace. 

'When electron microscopic radioautographic studies on duodenal 

vi11us columnar ceUs were carried out after JH-galactose injection 

it appeared that many of the silver grains which occurred over the 

cytop!asm between the Golgi apparatus and the apical microvillus border 

ioiere close to or over these vesicles. 'lhi.s vas espec1ally the case in 

the terminal web region of the cytoplasm just beneath the microvi.llus 

border where such vesicles were somewhat concentrated (see Fig. J of 

Ben."l9tt, 1970), for in contrast to the firldings or Ite (1969), sllver 

grains vere round to be concentrated in th:is reg:ion of the cytoplasm 

after JE-galactose injection. 'lhis fact in itself suggested a rel.ati.on-

ship between the silver grains and the vericles. 
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In electron microscopic radioautographic studies after 3H-fucose 

~~jection, a frequent association between cytoplasmic silver grains and 

vesicles was again observed at intermediate time intervals (10-60 minutes) 

after injection (Figs. 19, 20, 21, 22, 25, 26).e If these vesicles were 

carr:iers of labelled mater:ial from Golgi apparat us to celi surfaces, 

it lolOuld be expected that the percentage of label in the ceU compar'bnent 

in wh:ich they were located (ie. "Remainder of Cytoplasm"), would be 

highest at the ti:me at whi.ch the MOst active migration of label occurred 

and at which the association of silver grains vith these vesicles was 

most apparent (ie. 10-60 minutes after 3a-f'ucose injection). 'lhat this 

was indeed the case, is shown in Table nI and Graph 1, which show that 

the percentage of grains in th:1s category ("Remrlnder of Cytoplasm") rose 

from 12$ at 2 minutes after injection to 4of, at 35 minutes, and then 

fell to 25~ by 4 hours and 1~ by 30 hours e Since the labelling of this 

com:partment is eut a.l.most at its peak (Graph I) by the line representing 

the falling pereentage of label over the Golgj. apparatus, this suggests 

that the label in this com:partment orig:L"lates from the Golgi apparatus. 

Furthermore, the percentage of labelling over the ceU surfaces was 

rapidly r:ising at this time :interval. 'lhus it appeared feasible that 

the cytoplasmic labelling, or at least part of it, represented celi 

coat material in transit from the Golgi apparatus to the eail surfaces. 

When a.etual grain eounts were earri.ed out to determine the 

associati.on of silver grains in this category .-:i.th cytoplasm:ic vesicles 

as described in the Results section, the res-\ll.ts shown in Table V were 

obta.ined. It shoulà Ce pointed out that the condition requ.ired for a 

silver grain to be con~dereà as associated vith a vesicle, ie. t..'-lat tJ:..e 
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grain be located not more than h.al.f i ts own d:iameter away f'rom such a 

vesicle, does not mean that all such grains were associated wi.th 

vesicles, .because other compartments in the nearby cytoplasm could also 

have been the ra.d:ioactive source for such grains. '!he resolution of' 

the elec"tron microscopie radioautographic method is not suf'f'icient te 

establish vith certainty the association of' a silver grain vith such 

a sma.1l structure as the cytoplasme vesi.cle descrlbed here. What is 

important te remember here is that the same conditions were required for 

an actual silver grain te be considered as associated wi.th a vesicle as 

were requ:ired f'or a symbolic randomJ..y distributed silver gram te be 

considered as associated with a vesicle (as outlined in the method f'or 

calcul.a.ting the expected percentage of' silver grains associated with 

vesicles if the silver grains were randomlydistributed - Results Section). 

'lhus the association of' the wo types of si.lver grains (actuaJ.,and randomly 

distributed symbolic) vi. th vesicles could be compared at dif'f'erent time 

interval.s and it is the comparison that is signif'icant. If' the actual 

si.lver grains vere randoDÙ.y distributed over the cytoplasm, the ratio 

of Il II in Table V wouJ.d be expected to be 1. If the sil ver grains were 

localized over soma componant other than the vesicles, the ratio could 

be less than 1. If, on the other band, the si1ver grains were 

associated vith cytoplasmic vesicles to an extent greater than random 

chance, the ratio would be greater than 1. 

As shawn in Table V, at 2 and 5 minutes after injection, the 

ratio was less than 1, suggesting that the si1ver grains were associated 

vith some component other than the vesicles. This finding 1s in accord 

vi. th t.~e observation that many of' the grains appeared te 'ce over rough 

endoplasmic reticu1um or mitochondria at t-üs time. 3y 10 Irlnutes, on 
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the other band, the ratio vas greater than 1, and by 35 minutes, the 

rati.o vas 4.5. In other vords, 4.5 times as many sUver grains vere 

associated vith vesicles as vou1d be expected if the association vas 

by chance alone. By 30 hours dter injection the ratio had again 

tallen to 1.5 suggest1ng tbat onlya tev grains were novassociated 

vith cytoplasmic vasicles. 

'lhus the above resuJ.ts, lIhUe unable to demonstrate vith certainty 

that any one silver grain vas associaterlwith a cytoplaSlllic vesicle, 

strong1y suggest tbat an assocu.Uon or sUver grams vith cytoplaSlllic 

vesicles does exist, and indicates t.heretore that these vesicles may 

be carriers of labelled oell coat g1yeoprotein troID the Golgi 

apparat us to the cell surt'aces. 1he tact tbat these vesicles std.n 

positively tor the presence or gl.yeoprotein (Figs. )14- and 35) supports 

this concept. 

H0rpb0logical. stud.ies re1.ating te vesicles in intestb.al. columnar 

cells present tvo types ot' endence. (h the one band, stucH.es on the 

small. intestme ot neonata1 rodents, have shoWl'l that intestinal. 

col'Wll'l&r cells can incorporate maternal antibody troID the llDllBn v1.a. 

p1nocytotic vesicles and transport it to large supra-nuclear vacuo1.es 

(Cl...ark, 19591 aDd others). However, there are indications that the 

vesic1.es observec1 in the present s'tudy are not ot pinocytic origin. 

For exaap1e, no ev:1dence ot pinocytosis of the apical. ~ace EJIlbrane 

coçarable te that observed in the study ot Clark (1959) vas observed. 

hrther.ore, Gr8lley bas sho1lD (196B) that only cel1s in the Ueal. region 

of the small. intest.1De have this piDoeytotie eapacity. Indeed in the 

present study, Ueal. cells vere eDJa1ned and found to exh:1bit evidenee 
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of this pinocytotic capaci ty, but the appearance in these cells vas 

e 
quite dif'terent troJll that observed in the "duodenua. Bodlral.d (1971) ,., 

bas recently presented ev1dence that co1lJ1111l&r cells of the proxima1 

intestine can pinocytose rigniticant UIOunts of tracer !":rom the 1umen, 

but ti1e an1NJ s stud:1ed vere olÙy 10 days o1d (as compared to 

appr-oximate1y 4 veeks in the present study) ,and the cells vere 

10cated at a distance cons1de:rabl.y ~r avay:t'rom the pyl.oris (ie. 

into the jejunœa) than tbose in the present study. 'lhus the vesic1es 

in the present study do not appear to be pinocytotic in origine 

Severa! other morpho1ogica1 studies,on theother band, have 

indj,cated that vesic1es s1mi l ar to those in the present study, may 

be important in transf'erring materia1 to the cell su:rf'ace. 'lhus in 

an e1ec'tron microscope study ot moUS8 col.on:1c co1'UJ1Dal" cells, Wetze1 

et &1., (1966), shoved SJIOotb surfaced vesic1es in the apica1 cytop1asm 

beneath the striated bo:rder (their Figure 3), vb:1ch c1ose1y resemb1e 

the vesic1es obsened in the present study. When their tissue vas 

stained 1Iith i:ron stains for acidic carbohydrate mate:r1&l., reaction 

occu:r:red on the surface coat and in these apica11y 10cated vesic1es, as 

vell as on s1miJ a r vesicl.es adjacent to Gol.gi saccul.es, and on the 

Golgi. saccules themse1ves. '1h6SG _:~thor~ suggested that the iron-

sta1.ned materia1 is s1l1thesized in the Go1g1. appa:ratus and transpo:rted 

to the caU surface by .ans of tbese vesic1es. S1ail.ar resul.ts vere 

obta.1ned iD intest:1nLL cells in the mouse co1on by Weinstock (1968), 

in Xenopus by Ebnnev1lle and Weinstock (1970), aM in small intestinal. 

ceUs ot teta1 :rat (Vo11:rath, lm). 

In AIIoeba cells, the vork ot Stocke. (1969) bas demonstrated 
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the 1"ormation of vesicles f'l"om Golgi saccules wh:1ch are very s1milar 

to the ones observed. 1.n the present study. '!hese vesicles appear te 

travel te the cell surrace where they fuse vith the suri"ace plasma 

memm-ane vith the resu1t that the membrane o~ the vesicle becomespart 

of the ~ace membrane. As in the presen't s'Oldy, the vesicles 

conta1n f'il.a:mentous material wh:1ch resembles the f1l.aments of the 

cell coat, and vhen the vesicular membrane becomes part ~ the ceU 

membrane, the f'Uaments become the ceU coat. sta1rdng for acid 

mucopolysaccharidBs vith colloidal iron stained the f'u...ntous suri"ace 

coat,the f'1l.amentous material vithin the vesicles, and s'mUar material 

in the cisternae ot the saccules or the matur1.Dg hal.f' or the Golgi 

stack. Wise and F'J.j.ck:1.nger (1970), on the other band, ban shown that 

1Ihen Amoeba cells pinocytose. tracers such as territin or herse radish 

peroxidase, the tracers end up in f'ood vacuoles, but never appear in 

the Golgi apparatus. 1hus, in contrast to the earlier suggestion ot 

Daniels (1964), the Golgi apparatus c10es not appear to be f'ormed f'l"0IIl 

the plasma membrane :in these cells. Staining ot the cells f'or glyeo­

proteins vith the period:1c acid sUver __ thenam:1ne technique revealed their 

presence :in the cell coat and in the cisternae of' saccul.es on the 

matur:lng tace or the Go1.gi apparat us and in vesicles. 1beref'ore, 

like stockea (1969) these authors suggest that the Golgi apparatus 

'lIJ&y contribnte botb membranes and cell coat to the surf'ace of' the cell 

via vesic1.es. S1m11ar tindiDgs bave been reported by Grave, Bra.cker 

and Horré in ceUs at the t1ps of' tungal bnJba.e (l970). 

In the !dtoUc telopba.se stage ot plant cells, Whal.ey and MoUen-

baœr (1963) and aJ.so Bepler and lievcollb (1967) bave observed tbat 
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numerous Golgi vedc1es congregate on a pl.a.ne equidistant from the 

daughter nuclei, and .ruse to fora the nev plasma membranes which 

divide the cells. In a s'm'ar phase c4 mitosis in other plant cells 

(Whaley and Hollenhauer, 1963) the Golgi vesicles vere filled vith 

secretion product, and vben the vesicles fused to form the plasma 

membrane, the secreter,. _terial ended up in the extraceUul.ar space 

betveen the ce11s. A s:1m11 sr phencmenon bas been observed in JII8l1Y 

other instances where Golgi derived vesicles carry ma:teriaJ. te the 

call surface. For example the studies of Br-ovn (1969) and Br'own et 

al., (1910) in O1rysophyoean al.gae, bave sholftl tbat Golgi saccules, 

in wb:1ch scales bave been tormad, mgrate to the ceU surface and tuse 

v.:tth the p1asma .. mbrane vhereby the saccule IIIBJalrane is inserted into 

the plasma JD8Dllrane vh11e the sc ale is released to the surround:1ng 

wall.. Pa1ade (1959) showed that the vesicular vall ot zymogen granULes 

beCUle part ot the apical p1asaa membrane upon release ot the granular 

contents into the acinar lumen. 'lb:1s finding bas since been reported 

by others (Palade et al., 1961; Ito and Winchester, 19631 stanley 

and Trier, 1965). 

ID rat transitional epithel:1um, Hicks (1966) has provided 

erldence t.hat in trand tional epi thel:1œt cells ot rat bl .dder, Go1gi 

derived h.sif'orm vesicles 111&1' add. -..brane to the surface pl .... 

_am-ane vhen the bl·dder expallds, œt vben the b).dder contracts, the 

plasma ... lrane invag1na.tes and p1ncbes otf the f'usitorm vesicl.es into 

the cytoplasa. 1hese vesicles can aga:1n be incorporated into the pla...." 

.. abrane if needed, th1.s serv1.ng as a store ot ex.eess -.bra:ne. 

TIro other types of evidence indi.cate tbat vesicles .1' transport 

labelled mater1&1 ~ the Gol.g1 apparatus to the caU surfaee. Qle 
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type comes f'rom other reports of' labelled vesicles in electron 

microscopic radioautograpbic stucH.es. 1hus in s., amander epidermal 

cells and f'ibroblasts. &tter ~-prollne administration Bevel, (1965) 

shoved label ove1" cytop'asmc vesicles s'''''ar to those of' the present 

study. 'lhese _re thus interpreted to be carriers of' labeUed coJ.la&en 

to the ceU exterior. S1rl'arly in HeLa cella &tter acbw1n1 stration 

of' ~-glucosaJline. Keith. ottebro. and Seljelid presented evidence (1970) 

that labeUed ma.terial migrates f'1"01Il the Golgi apparatus to the ceU 

Sl11"f'ace coat. 1hese authors aJ.so reported concentration of' label over 

small vesic1.es in the apical. cytopl.asm although tlds vas not convil'lc1ngly 

deJIIonstrated. 

'l'he other type of' ev1dence comes f'rolll the f'ractionation stwRes 

of' Fo~stDer (1969). who sho_d that the caU sap f'raction obtained f'roll 
14 

preparations of' intestinal. IIlUCOsa artel" C-glucosam1ne administration 

alvays conta1ned material of' lôv rad:ioactirlty and concluded on this 

basis tbat l.abeUed material migrated to the ceU surf'ace na a vesicul.ar 

McbaniSlll rather than travelling f'reely in the celi sap. 

In ~. a great varietyof' III01"pbological studies in various 

cell types bave sholft'l that Golgi derived vesicles can and do f'use vith 

the surf'ace _abrane of' cells and contribate JIIBIIl1:ranes to tbis ceU surt'ace. 1 

'!hua the possibUity of' the cytopl a'" c vesicles in the intest1nal columnar 

cells of' the present study playing a role s'mi'ar to this is quite f'easibl.e. 

D.1.t1"erences in Apical. Surf'ace Reaction f'rom Cau to Cell 

Althougb the intensity or apical. surl'ace reaction at 35 minutes 

to 4 hours artel" 3s-f'Ucose injection vas f'airly constant among JDOst cells. 

as seen in the light a:icroscope in f'1gures 11 and 12, sometbles the reaction 

differed greatly over adjacent cells (Figs. 30 and 31). Although in these 

1. For excellent re'Viev or tlds aspect of Golgi apparatus function 
see. Northcote, (1971). 
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radioautographs no ~ference in the amount 01" cell coat along the 

surlace of the d1tferent cells vas seen, Mukherjee and Williams (1967) 

have shovn that in the moUS8 jejunUlll, the thiclmess of the cell coat 

changes abruptly tro. cell to ceU, vith some cells exb1.biting a fairly 

th1.ck (0.1 p) coat and others baving almost none (their Figure 4). 

'Dle pre sent rad1oautograph1.c f1n.d:1ngs refiect this situation exactly 

(Fig. 12) and indicate tbat some cells are s3Dthesizing cell coat 

material more rapicUy tban others. 90th the above findings of 

lI1kberjee and Wi ll1 am s and the present findings are further ev1.dence 

tbat each colwanar cell produces its ovn ~ace coat. 

Rature ot l&belled Material. At Cell SUrfaces of Duodenal. V1llus 
Co11Dll'1U' OBUs 

As mentioned prerlously, the staining ot the cell SUJ"f'aces of 

these cells by the per1..odic acid Scb:i1"f and phosphotuDgstic acid 

st.a1n1.ng techniques irldicates tbat the-· ... terial. present at these 

sur1"aces is gl.:vcoprotein in DAture. FurtherllOre, the biocbellica1 

anal.ysis ot labelled ... terial. in a pur1.f'ied brusb border plasma .. abrane 

fraction ot rat intestinal. cells by ForstDer (1970) atter injection ot 
14 

C-g1.ucosudne. sbowad tbat the labelled .. teria1 vas g].yeoprotein. 

91t vb&t vas the nature ot this gl~protein ... terialt 1he presence 

ot al Ira' ine phosphataae bas been sbovn at the Jd.croril.lar surt'ace ot 

rat duodenal v1llua colmmar ceUs by Hugon and 90rgers (1968), and 

this ens,. bas been sbovn to be a gl.ycoprotein (Port.aan et al •• 1960). 

Hovever recent stwti.es ~ sbovn tba.t the brusb border is also the site 

01" a nllllber ot cH saccharid&ses, urinopeptidases and other digestive 

ens,.s (see Dobb1ns, 19691 Greenberger. 19691 and Gardner. Br01lD and 

Laster. 1970. tor rev1evs). Forstner, in a recent study (1971) bas sbovn 
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that vhen 14C-gl.ucosam1ne is injected into a rat and a brush border 

p1asma __ brane rraction is obtained. a rive minute d:1.gestion vith 

papain rel.eases surrace particles conta:1n1 n g ~ or the sucrase activity 

{as described preriously by Oda and Seld., (1965). and Johnson (1967. 

1969», and alao 4~ or the rad1.oactivity. Ou-OJU.tographic st.ud1es bave 

revealed that label is assoc1ated vith each or rour ens~sl aal.tase. 

sucrase. '-nap}l1'.h7'aw1d .... and al..kal:ine phosphat.ase. Staining ot the 

cbrou.tographs nth PA-SchUt' st.ain ind:1.cat.ed tbat all ot these enz~s 

vere g1ycoprotein in nature. 'lhus. at least at the apical surrace ot 

the duodenal rillus colœmar cells in the present study, it appeus 

l.ikely that the 3B-fucose label resides in a nuaber or g1JCoprot.eins 

so_ or which _y be the abave enz,.s. 

In the case or the lat.eral and basal cell _mbranes. IlUCh less is 

kDo1ft'l about their chemical structure. al tbough the presence ot occas1.onal. 

allcal..1ne pbosphat&ae bas been sho1ft'l (Hugon and Borgers. 1968). 'Dle 

results or the present stu.d7 1nd1.cate. hovever. that the gl.JCoproteiD 

components or tbese surfaces are perhaps not 50 d:1t'terent t'rOll those ot 

the apical. sur1'ace as previously thought tlto, 1969), ror both collpOnents 

at least appear to be derived trolll the Golgi apparatus. and both appear 

te beCOJD8 labelled at appE"ox1.aately the SUI8 rate. 

'lUrnover or Oell Coat Material. 

When rad1oautographs or duodenal villus colu.J&r cells vere 

eXUlined at 30 hours atter injection, the percent.age or silver grains 

over the cell surfaces (aI'Fox. 75~) vas not very d1!'f'erent rrOlll that 

observed at 4 heurs (approx. ml. Hovever, the reaction had decreased 

in intensity as 88en by coçar1.ng the apical surf'ace reaction in tigure 
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29 (4 hours) wb:1.c~ vas exposed for 7 veeks, vith tbat :in figure 33 

(30 beurs) vh:1ch vas exposed for 14118eks. '1'h1.s decrease in reaction 

intensi ty suggests that cell coat ... terial. is continually lost vith 

tiJIIe. In radioautographic stud:ies on adul.t cat intestinal. ceUs by 

Ito and Beve1 (Ito, 1969), much ~ the reaction over the microvil.ll 

vas lost by 6 beurs dter a pul.se dose of 1abelled precursor, and 

these autbors estiJlated the turnover t~ of the surface coat to he 

between 4 and 10 hours. In the present study, however, the turnover 

t1JDe may he mueh 1onger, tor as indi.cated above, reaction remains over 

the microvill:i at 30 hours dter injection ot ~-fucose. lDnger 

tiJIIe interval.s dter 3a-fucose injection have not ,et been stud:1ed 

in the present 1mrestigat1.on, but vould probably not yië1d further 

inforaation tor as shovn in f~gure 14, the reactive v.Ul.us co1umnar 

cells extend right to the zone ot cell extrusion at the tips ot the 

vill:i by 30 hours and it is possib1e that some have already been 1ost. 

'lhe results ot the thymidine 1abell:ing experiJlents incH.cate tbat al1 

ot the reactive cells vould be lost betveen )6 and 48 hours &tter 

injection. 

One prob1em re1ated to the turnover ot ceU coat material. is 

vhether onl.y the ceU coat i tseU turns over, or vhether the under-

1y1ng plasma membr-ane to which it is att&ched al.so turns over. In 

other vords, does the cell coat al.vays rema1n attached to its under-

1ying membrane, cd must t.bey be consiciered as one uni. t in tel"llS of 

b10genesis and turn overT Ito shoved that the ceU coat is not 

reaoved b-oa healthy ceUs by EDT.t. or by various lIIUCo1ytic agents 

(Ito, 1969) al.tlu>ugh it does decrease in eells heing extruded t'rom 

the t1ps or rilli.. He suggested bovever, that the reason the coat 
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does not decrease alter DlUc01ytic agents may be due to its: continua1 

repl.acement by new1y synthesized coat. In the present study, if" the 

ceU coat is carried ta the ceU surf'ace attached ta the inner surface 

of veri.c1es, which fuse vith the pl asma membrane, so that their ilmer 

surface becomes the outer cell surface, then it would be implied that 

the ceU coat and underl.ying membrane are acting as one uni. t. 

That segments of vho1e unit membrane can be pr'ovided ta the 

surf'ace p1asma membrane is shown by a number of stud:1.es, as mentioned 

previous1y (p. 99). In addition, the Go1gi apparatus has been shovn 

ta be the site wbere membrane changes from endoplasmic reticulum-1:ike 

at the 1mIaature face to plasma membrane-l.ike at the mature face (Grove, 

Bracker and Morré, 1968, 1970) (see a1so Ieenan and Morré, 1970). thus 

maldng i t an idea1 source for new plaS1!!8 membranes. 

SUlce the vesic1es in the present study appear to fuse vith the 

ceU membrane batveen the bases of adjacent microv1ll:1, the new1y added 

membrane woul.cl be inserted at the base of the microv.U.l1, and sinee the 

1abe1 mgrates ta the tips of the microvill.i, this would imply that the 

membrane a1so migrates to the tips of the microvi.ll:1, further i.mp1y1ng 

a turnover of pl.asma membrane as vell as of ceU coat. 

It ma1' be a mistake, hovever, to th1.nk of the unit membrane and 

its ceU coat as one static unit. A. nUJDber of biochemical and h:1sto10gical 

studies have indicated that some ceU types espacia11y protozoan or tumor 

cells c&n fol"lll MW plasm· .ullbrane quite rapid1y (Gasic and Gasic, 1962; 

Nachldas, 1966. Kru_r, 1966: Warren and Glick, 1968: Marcus and 

Schwartz, 1968). However several of these studies are based on techniques 

such as obserrlllg the t.1Jae taken to complete1y replace sial.ic &Cid rendues 
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removed by neuram1Jrl.dase treatment, and do not pro"" that the entire 

ceU membrane is be1.ng retormed rather t.ban just the g1ycoprotein 

surface coat. In addition, tbere are other stud:1es vldch show a 

continuons loss ot nev1y synthes1zed g].ycoprotein inte the medillDl 

containing such cells (Hol.nar et &1., 1965Î Kru_r, 1967) suggesting that 

onl.y the sur1'ace coat may turnover. Final.1y, other recent studies 

indicate that the ceU membrane may be more fiu:1d than original]y 

thought, and that componmts can diffuse quicldy tbrough it. Such ° 

evidence is provided by the tact tbat vben cells conta1Jdng dif'terent 

types ~ ant1gens are made to ruse, the dif'rerent antigens rap1cD.y 

become d1.tt'use1y lII1xed througbout the plasma membrane coverlng the 

combined cells, as detected by fiorescence m1croscopy (Edid1n, 1971 ) • 

Si-l1ar t1nd1ngs have been round iD the case ot phospholipids (Peterson 

and Rubin, 1970) vhen r1broblasts in culture came in contact. ~, 

however, 1 t. is IlOt. possibl.e te prove that ~ ot the mellbrane compone.nts 

dift"use rather th&n Just. surface ~p'ot.e1n or phospbo11pids. In the 

case ot the present study, bowever, these tincl1ngs 1.nclicate 1t 1s not 

poss1bl.e to &sam. turnover ot apical. œll membrane s1Dlply on the 

bas1s or mgroat1on ot labe1 troll the base ot the m1crov1ll.1 ta their 

tips. 

Furthenaore, the v1l.l.us intestinal. epithel:1um ... y constit.ute a 

cue vhere turnover ot the label.led mater1al. 1s IlOt oceurr1ng '9'8:t-y 

rapi.d1y tor not on1y do the IIdcrovil.l..1 or the co1U11l'lar cell..s 1ncrease 

in l.ength rapicUy at the base or the v1.lli (vhere reaction in the 

present study vas heaviest), but the 1eve1s ot d1saccbar1d&ses 

(Dahl.qv1st. and !iordstroa, 1966) and .]ka1ine phosphatase (Dahlqv1st and 
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Nordstrom. 1966; Hoog and OreY. 1967) increase from the base te 

the apex of the villl. Nonetheless. evidence bas been shown for 

turnover of cH.sacchar1d.ases which is more rapid than cou1d be 

accounted for by cell loss frOll the tips of vill.i (Du and Grey. 

1970; James et al. •• 1971). 

Possible FIlnctions of <:eU SUrface Coat 

A1 though the function of the surface coat is st1.ll not vell under­

stood. the" is evidence that it may have a number of ditferent ro1es 

vith some ot these baving more importance in some cells than in others. 

Thus the ceU coat may play a role in the processes of membrane per­

Id.ability. b1nding of substances to c.lls and induction ot pinocytosis. 

ceU Adhesion. cell-to-cell recognition, g .. te recognition. cellul.ar 

immunity. etc.Csee reviev by Winzler. 1910a). In the smal.l intestine. 

special tunctions ... y be usigned to the cell coat covering the micro­

v1ll.ar surface. for" .-nt1oned above, the cell coat at t.b1.s site contains 

many digestive enzyJEs. 1hus the brush border acts as a digestive 

surt'ace vhere the fina1 hydrolysis of carboh,ydrates and proteins oceurs 

(see renews by Greenberger. 1969; Dobbins. 1969; Crane, 1968. 1969, 

Rubin, 1970; Gardner et 81 •• 1970). 'l'be surface coat at th1s site may 

also &ct as a barrier. tor wben dogs are exposed to pro1ongued shock 

aDd then vo1W18 repeated, the intes~ mucosa is abnormal.l.y permeable 

and the intestine is extra_ly susceptable to tryptic dJ.gestion. At 

tb1.s ume tilDe the PA-Sch1.f't coat on the microv1l.l1. -ls lost (Bounous, 

et al., 1966). The tact that cells about to be extruded trom v1.ll1 tend 

to 10se their surt'ace coat (Ita, 1965), may 1nd.1.cate that it is the 10ss 

~ the positive surface coat t.h&t leads to their extrusion (Forstner, 1969). 
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Migration of H-fucose Label to Lysosomes 

HorphologY of Lysosomes in DIlodenal. Villus ColUlllllU' Cells 

As descr1.bed in the Results section, tvo main types of lysosomal 

bodies occurred :in these cells 1 dense bodies which conta:ined a un:itormly 

dense matrix, and muJ.t:ivesicu1a.r bod:1es, which conta1.ned many :interna1 

vesicles. !bat of the mult:ivesicular bodies conta:ined a matr1x as dark 

as the dense bodies, but :in some there vas little or no matrix and these 

vere referred ta as light mul.tivesicu1a.r bodies. A. spectrum of morpho-

logical types vas thus se en 1 at one end vere light mul.tivesicu1ar 

bod.:ies vith llttle or no dense matrh but some interna1 vesicles; then 

came bodies vi th some dense matr:ix betveen their vesi.cles; then dark 

mult:ivesicu1ar bodies vith considerable dense matrix and many interna1 

vesicles; then bocti.es vith mostly un:iform dense matrix but containing a 

rev vesicles; and final.l.y at the other end were dense bodies vith a 

uniforml.y dense matrix. .A somewhat sim:ilar spectrum. of lysosome types 

has been described by Hugon and Borgers (1968) :in rat duodena1 vil1us 

columnar cells. These authors shoved that these bodies contained &cid 

phosphatase and thererore could be considered lysosomes. In accord vith 

the reported sta:ining of lysosomes by the PA-Sch1.f'f technique (Danes. 1954; 

Nov:ikoff, 1961; Koenig, 1962), the bodies :in the present study vere 

round ta sta:in vith phosphotungstic acid at lov pH (Figs. 34-36). As 

ment:ioned in the Introduction, the glycoprote:ins present in these bodies 

probably represent the lysosoma1 hydrolases themselves (Koenig, 1969). 

For the purpose or assessing the labell:ing of lysosoJes :in the 

present stud,y, they vere arb:itrarily classi.tied into tbree groups 1·· dense 

bodies vhose contents vere un:itorm1y dark, bodies vhich showed 1-) vesicles 
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l.n section, and bodies showing four or more vesicles. On11' the last 

ones vere ca11ed mu1tivesicular bodies. 

Migration of Label to Lysosomes 

AJ.though at 2 minutes after Ja-fueose injection, Most of the label 

vas localized to the Golgi apparatus and almost no grains occurred over 

lysœcmes, b1' 5 minutes, a sign1.ficant number of grains vere found over 

dense bodies and bodies vith 1-3 vesicles (Table IV). OVer two-thirds 

of the labelled bodies vere close to the Golgi apparatus at th:1s earl1' 

t1me. Between 10 and 35 minutes after injection labelling increased 

rapidl1' in 411 three types of bocHes,a1though more slovl1' in multi­

vesicul.ar bodies than in the others. By 1 and 4 hours &tter injection 

labelling vas heavy over al1 threetypes of bocHes (Table IV, Figs. 26, 

27, 29, 31, 35, )6). These resul.ts vere interpreted to ind1.cate that 

labelled glycoprotein, vhose synthesis vas completed in the Golgi apparatus, 

migrated to the lysosomes. 

The resul.ts of this study are in accord vi th the observations of some 

other investigatiors. 'lhus Cohn, Fedorko and HiPsch (1966) admi.n:istered 

3s-leucine to mononuclear phagocytes, and using electron microscopic 

radioautography, demonstrated the passage of labelled protein froa the 

endop1asm:1c reticulum through the Golgi apparatus to lysosomes. Simil.ar 

findings vere obtai.ned in myelocytes by Fedorko and H1.rsch (1966),and 

label vas round to be 1ncorporated into hepatocyte lysosomes six hours 

:3 
af'ter injection or H-leuc1.ne into rats by Dl-oz (1966). Incorporation 

of labe11ed sugars into lysosOllllAl. bocH.es bas &lso been occ&S1.onally 

reported, as in HeLa cells d'ter :3H-glucosam1ne admi.nistration (Reith, 

ott.ebro and Seljel.id, 1910), in lyaphocytes stbnùated by phytohemagglutinin 

3 
a.tter H-gal..acto~ ads1nistr&tion (Anteun:1s et al., 1969), and in bepato-
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cytes and spinal. gangl:ion cells ~ter 3H-gal.actose admin:istration 

(Hambourg and Droz, 1969). 

In the present study, the fact that a number of 1ysosomes vere 

1abelled at 10 minutes af'ter 3H-fucose injection (F.tgs. 19 and 20; 

Tab1e IV), 1e. before the cell surfaces became heavi1y labelled, 

indicates tbat the 1ys05l!lles rece1ve their nev1y-comp1eted g1ycoprotein 

d:1rect1y !'rom the Go1g1 apparatus ratber than indi.rect1y frem the 

ceU surface. Th1.s concept 1s supported by the fact that over tvo­

th:irds ot the 1ysOlllll8s 1abelled at the 5 and 10 m:inute tilDe intervals 

vere 10cated c10se to the Go1g1 apparatus. 

It bas been suggested that in many celi types mul.tives'1cular 

bodies evo1ve into dense bodi.es (Gordon, H1J.l.er and Bensch, 1965; 

SDdth and Farquhar, 1966; Hugon and Bergers, 1968). In the present 

study, however, dense bodies vere labelled more qu:1ck1.y than IIlUlti­

vesicu1ar boclies (Table IV), and they al.so 10st their 1abe1 sooner, 

being on1y about 8~ labelled at )0 hours ~ter injection while mu1t1-

vesicul.ar bodies rema1ned OlPer ~ 1abelled. Whil.e these results do 

not ind1.cate that the above transit'ion does not erlst in tbese cells, 

they suggest th&t the dense 'bo<ti.es did not receive their nev1y 

synthesized gl.ycoprotein trom mul.tiverlcul.ar bodies. On the contrary, 

it is possib1e that the multivesicu1ar bodies received soma ot their 

1abe1 trom labelled dense bodi.es, or by a transformation of dense 

bodies into multivesicular bodies. The tact that the bodies w1.th 1-) 

vesic1es in th1s study exhibit a labe1Jing pattern intermediate between 

tbat or dense and Jll\Üti.ves1.cular bod:i.es, cou1d suggest ~t these bodies 

are a transi tion stage in the evo1ut1.on or one type of body to the other. 
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It- is equal.1y posdb1e, however, that the three types of bodies each 

receive their 1abe1 ~ependent1y trom the Golgi apparatus, but at 

varying rates. Si mil ar1y, differences in the rate of turnover betveen 

dense bodies and mul.tivesicul.ar bodies eould explain the dif'ferences 

in 1abell:1ng at the JO hour time interval (Tab1e IV). 

'!he mechan:1sm of transfer of labelled glycoprotein from the Go1gi. 

apparatus te lysosomes in these cells is not yet cl.arified. However, 

several posdbUities may be considered. One possibili.ty could be the 

direct transformation of Golgi saccules into l.,ysosomes, as reported in 

thlroid foll1cular cells (Seljelid. 1967), lddney adenoma ceUs (Se1je1id, 

1966), intestinal. crypt columnar cells (Hoa, Rostgaard and Behnke, 1965) 

and pr0lQ'81ocytes (Bainton and Farquhar, 1966; Wetze1, Horn and Spicer. 

1967). Dense bo<lies vere often seen c10se to sacc:ul.es of Go1gi stacks 

in the present study Cie. Fig. 1), and dense bodies in tb:is location 

vere more quickly labelled (Fig. 18) than those bod:ies further avay 

fram the Golgi apparatua. Morphologica1 evidenee of transi tional stages 

betveen Golgi saceul.es and dense bodies vas net evident in routinely 

sta1.ned sections. however. al though in sections sta1.ned vith phos­

photungstic acid. a transition vas sometiJDes suggested (Fig. 34, 1eft). 

A second possibUi ty is the transport of labelled glycoprotein 

f'rom the GoJ.p apparatus te lysosomes via smal.l. Golgi vesicles (Novikoff', 

Essner and Quintana. 1964; Gordon. HUler and Bensch, 1965; CoM, Fedorko 

and Hi.rsch, 1966; Friend and Farquhar, 1961), &s 1nd1.cated by observations 

suggesting fusion of Golgi vesicles vith these bodies (Gordon, K:1.ller and 

Bensch. 1965; Cohn, Fedorko. and Rirsch, 1966; Hirseh. Fedorko and CoM, 

1968) as vell as by the presence of' aeidphosphat&se in al.1 these structures 

(flovikoff, Essner aDd Quintana, 1964; Smith and Farquhar, 1966). Small 
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vesicl.es vere sometimes seen near dense and multivesicul.ar bodies in 

the pre sent study, a1 though evidence of 1"usion vas rarel.y observed. 

A. third plssibility is deri.ved from the 1"inding of Golgi 

re1ated tubul.es in negative1y sta1ned Golgi fractions (Ovtract, !brré 

and MerUn, 1969), or in thick sectj.ons of gl.ycol embedded materia1 

stained 1"or gl3eoproteins vith phosphotungstic acid at l.ow pH (Rambourg, 

1969). The occasional. presence of tails on lysosomes which vas observed 

:1n tbis study (ie. Fig. 19, lover left), and by others (Novikoff, Essner 

and Quintana, 1964; Hugon and Borgers, 1968; Holtzman, 1969) suggests 

tbat, at least in the early stages of thair formation, lysosomal bodies 

Blay be connected te Golgi tubules and that l.abelled materla.1 could 

be transported to them via these tubu1es frolll. the Gol.gi apparatus. 

The above possible pathways are not JIl1tualJ.y exclusive &Del labelled 

gl.ycoprotein could migrate frOJll the Golgi apparatus te the lySOSlJD8s by 

more than one pathway. 

In S'lIIB&rY, the rac:tl.oautographi.c resul.ta obtained in duodenal 

columnar cells indicated that the completion or synthes1s of' glycoproteins 

in these ceUs occurs in the Golgi apparatus. From here some 1abel 

appears- to mgrate to the cell surt'aces by JEans or .-u. er.,opl.as::de 

vesicles where it 15 added te the cell coat. otber l.abelled glyeoprotein 

mgrates te l.ysosoaes, al.though the mode ot its transport bas not ,et 

been cl.ar1f'ied. It 1s interesting to note here the hypothesis of 

Xylar (1965), that the presence of carbohydrate on a secretory protein acta 

as a cheJD.cal. 1abel which prC8)tes ~ts transport into the extracellular 

enrlronment. Yet in the pr-esent stady, gl3eoprotein vas t.alœn up into 

lysoso.es aDd chd not appear to lea"., the cali interior. In tb1.s 

conten, the ~uoae concept ot DeDuTe (1969) is of' 1.nterest sinee 

aceording to tbi.s coneept the lysosoees could be considered as part of the 
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external. envircmment of the cells which has become j.nternalized. 

Interpretation of Besul.ts Obta:1ned in Hepatocytes 

:3 Site of Incorporatj.on of H-fucose Label 

At tvo minutes at'ter Ja-fucose 1njection, over ~ of the silver 

grains over hepatocytes vere localized to the Golgi apparatus (Table VI) 

(Fig. 40). Thus, as in the case of duodenal villus colUllDlar cells, it can 

be interpreted that the Golgj. apparatus 1s the si te of comp1et1on of 

synthesis or gl.ycoproteins in these ce11s. %-ga1actose 1abel is 41so 

ini tial1y taken up in the Golgi apparatus of these cells as shawn in 

earl.:1er light Ilicroscop1.c rad:1.oautograph1c exper1JEnts (Bennett, 1961) 

and in the elec'tron Dd.croscope by Droz (1966). 

DUtribution of ~-tucose Label at Later tiJae Intervals 

At 35 lllinutes dter 3a_fucose injection, approxilllately 6f11, of 

the silver grains remainedover the Golgi apparatus in hepatocyt8s 

(Table VI). However, as seen j.n figure 41, many of these grains nov 

occurred over Golgi vacùo1es vh:ich conta1ned elec'tron dense granules. 

'!'hese granules vere interpreted to be albuD8n by Bruni and Porter (1965) 

who showed IIIOrphological. evidence that tb1s III&ter1al. migrated vithin 

Golgi vacuoles to the space of Disse vhere it vas released. More reeant 

evidence ~cates that tbese granules are l.:1poprotein (Ashwortb et 41., 

1966) and are probab1.y the precursors of very lov denrlty llpoprotein 

(VLDL) in the blood (Mahl.ey, Hamilton and Iequi.re, 1969; Claude, 1970). 

Recent studies bowever, in vtdch 1abelled amino acids have been traced 

in hepatocytes ushg el.ec'tron microscopic rad1.oautography (Gl.auu.nn and 

Ericsson, 1970) o~ b1ochem1cal fractionation techniques ( in vb:1ch 

purU'ied Gol.gi fractions vere used) (Glaumann and Ericsson, 1970; Peters, 
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Fl.ei.eher and Flei.eher, 1971), show that alblmen 1.5 synthesi.zed on 

the rough endop1asmie ribosomes of these cells and 1.5 then trans-

ported through the Golgi apparatus to the sinusoi.dal eeU surface 

and the spaee of Disse. '!'he role of the Go1gi. apparatus, in the 

case of a1bumen transport appears to be a rather pasdve one since 

no carboh,œ-ate appears to be added to migrating al.bumen (Peters, 

F1eicher and Flei.cher, 1971). '!'hus the 1abelling in the present 

study wou1d not represent uptake into albmDen but cou1d represent 

3 
addition of H-f'ucose residues into other plasma proteins, since 

most of these are gl.ycoproteins (Text-Tab1e I). On the other band, siDee 

considerabl.e label rema:1ns a t the sinusoidal call surface (Fig. 39 

and 44) and -at latera1 ceU surfaces (Fig. 43) at 4 hours at'ter infec­

tion (Tabl.e VI) and also at JO hours, the materlal. being 1a.belled in the 

Gol.g1 apparatus at early t1JDe interval.s is l.1kel.y gl.yeoprotein 

destined to be added to the ceU coat. 

Considerabl.e label. also appears in 1780so1l8s at later tilDe 

interval.s, so that 24 " of the bodies are labelled by 35 llinutes, 

and 4~ by 4 hours (Table VII). Most of the 11'soso.s in these 

cells are of the dense body type sildlar to those shawn to contain 

acid phosphatase by Norl.ko1"f, (1961). Hovever, 5OD! are mul.ti.­

vesicu1ar bodies and these are also labelled (fig. 4). Ho support 

was round for the idea that microbodies are the precursors of JIIlÙt1.­

vesicul.ar bodies (Bruni. and Porter, 1965) ainee Ilicrobod:1es d1.d not 

show sign1f'icant uptake of label. at any t:1JIe int.erval. Rather, the 

resuJ..ts or the present stud1' iDcIj.eate that as in duodenal. v1.ll.1lS 

eolUlmAr ceUs, the lysosa.es derive their nevl.y eompleted glycoprote1.n 

direetl,y .froa the Gol.gi apparatus. 
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Interœ:etation or ResUlts Obta1ned From Light Hicroscopic lla.caoautographs 
or Other '1'.1ssues 

As descrlbed in the ResuJ.ts section, ~-f'ucose label vas 

incorporated by a great varl..ety or cell types in the rat. In 

practicall.y every cell type in lddch a subst&ntial. radioautograpidc 

reaction occurred. the label vas local1zed at early t1me intervals to 

one part or the cytopl.asa. In many cell types this reactive region 

could be recognized as the Golgi region by virtue or i ta location, 

ie. the supra Duelear region in polarized colUlllD&l' cells. In other 

cell types, the react1.ve region vas in an area orten occupied by the 

Golgi apparatus such as the par&nuclear areas in stratitied epitbelial 

cells (Fig. 57). '!hua in pract1cal1y al1 reactiw cells the evidence 

suggested that the 3a-:t'ucose label vas incorporated in the Golgi appuatus 

iDdj.cat1ng that glycoprotein synthesis vas coapleted in tlds organelle. 

In ctU'ferent cell types the reaction changed in d1t'ferent ways at later 

t1me intel"'Yals. TIIO banc patterns coul..d. be d:iscerned however. 

1) Ml.grat1on or 3a-~ucose to the surtaces of Cells 

In many call types the pattern of mgrat10n rese.mled that 

observed in duodenal v1l.lus co11Dln&Z' cells in the light mcroscope, 

vith the label local.:1zed to the Golgi region at early t:1ae intervaJ.s, 

but localized over the ceil surf'aces at later t1III8 intenal.s. 1he 

pattern of labelling at later tiII8 mtervals vas DOt i.dentical. in al1 

of these ceU types. lhus in duodenal. villus columnar cells (Pig. 11 

and 12), cboroid plexus cells (Fig. 50), and strat1.fied epitbel..1.al. cells 

(Fig. 58 and 59). reacti.on appea.red to occur over the vhole surface of 

the cel.1.s at later tiJIe interval.s vb1l.e in other cells such as colonie 

colanar cells (Fig. ~). snt..xi 11.ry gland duct cells (Fig. 48), and 

perbaps kidœy proxiaal cOlJYoluted tubul.e ceUs (Fig. 54), reaction 
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aPPeared to occu!" over the apical. celi surface on1y. Since the 

studies of Rambourg, Neutra and Leblond (1966) and Rambourg and Iablond 

(1967) bave shown the presence of gl.ycoprotein material. al.ong al.l. 

surfaces or .ost celi types in the rat, the above resUlt i.ndj.cates 

that in S01ll8 cell types surface g1ycoproteins at certa:1n celi surfaces 

talœ up label te a greater extent tban other cell surf'aces. 

Wb:1le in certain celi types, such as colonic collDllnal" cells, 

i t is possible te be f'airly certain that label along a particular 

surface MJlbrane represents ceU coat material, i t shoul.d be mantioned 

tbat tbis vas not alvays the case. In endothelial cells, for exaaple, 

it is DOt possible, due to the tb1nness of the cell along IBOst of its 

length, to tell if' only one surface is labelled (Fig. 56>; vhere nuelei 

occur, hovever (obliqua arro.s), the reaction occurs Along the lunr1nal 

side or the nucl.eus suggesting that the label resides along the lu""'nal 

ceU surf'ace. 'lhis vould agree vith the f'1nd1.ngs of Rambourg and Droz 

(unpublished) that 3a-galactose label vas localized Along the lWld.nal 

surface of blood cap111.ry endothellal cells (and pancreatic acinar 

cells). 

A second problea of' interpretation oceurs in cells vith soma lmown 

secretery runction. 'lhus the apical surf'ace reaction seen over ld.dney 

prox1ma1 convoluted tubul.e cells (Fig, 54) coul.d represent label in 

the apical surface coat, but co1Üd also represent secreted urinary 

glycoprotain (lteutel, 1965). 

Finally, a th1.rd problelll vas the presence or heavy reaction over 

extracellUlar material such as coll.agen or connective tissne ground 

substance at late t::b8 interval.s &t'ter JH-f'ucose injection (Fig. 59). 
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'l'b:1s heavy reaction permeatèd between cells su.ch as the f'ibers of' 

striated muacle at the bottelll of' f'igure 59, making it very dif'ficult 

te discern vhether the radio. ,!.·autegrapb:1c reaction at the surf'ace of' 

these fibers represented a.:cell coat reaction, or a reaction over 

strands of' connecti va tissue betveen the cells. 

Witb1.n the llIIlitations of' interpretation imposed by the light 

microscopic tecbldque, however, the present resul.ts suggest that many 

cH..f'ferent cell types incorporate 3a-f'ucose into gl.yeoproteins ~ their 

Gol.gi cOlllPlexes and th:1s labelled gl.ycoprotein then mgrates to the 

cell surface te be added te the cell coat. Indeed, when very long 

exposure tilDes are examined, almost all cells in the body give SQlllle 

indication of exldlnting a ceU surface reaction. Thus the above 

pattern of reaction may-represent a cOIIIIIIOn mecbaniSlll whereby all cells 

renew their ceU coat.. !he fact tbat lIIAlly of' these cell surface 

reactions rema1ned heavy at 30 heurs af'ter injection suggests that 

the cell coat materia1 .. y net turnover very rapicD.y in many ceU 

types. 
3 

2) Mlgratien of H-fucose into Cau Secreti.ons 

As deacribed in the resul. ts, 3H-f'ucose labe1 in the present study 

vas also taken up inte 1I1UCOUS secret'lons, serous secretions, and the 

secretions of' connective tissue ceUs into ground substances. Li ttle 

d:iscussion of' these react1.ons 1.s neeessary for the purposes of' the 

present investigation exeept te mention that glyeoprote'1ns are knovn to 

oeeur in most of' these secretions (see Text-Tahle n). 

Comparison of' Onrall Distribution of 3a-fucose Label in 'hssues vith 

Tbat of' 3H-fal.&ctose. 

In teras of 'lts overall c:tl.stri.but.i.on in rat tissues, as detected 
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by ll.ght microscopie radi.oautography, 3H-fucose 1abe1 bore a ~airly 

c10se resembl.ance to 3a-gal.actose 1abe1. In certain ~eatures the uptake 

dif'f'ered ~rom that o~ 3a-ga1actose, however. For exampl.e, 3H_fucose 

labe1 vas never ta.ken up into g1ycogen. 011 the other hand, the 1.ntense 

reaction seen over connective tissue at 10ng t1me interval.s dter 

3a-~ucose reaction, vas not observed after 3a-gal.actose. Certain 

Uxtiridual. cells such as pancreatic centroacinar cel.l.s heav:Uy 

incorporated 3a-gal.actose 1abe1 but not 3H_f'ucose 1abe1,and such dif'f'­

erences in individual. cellular uptake occurred in several. other organs. 

In add:1tion, the 1oc&:azation of' reactions to the Go1g1 region 

of' cells tended to be more precise after 3H-f'ucose injection than after 

3 
H-galactose reaction. Sim1Jarly in cells vh1.ch exb1bited ceU surface 

reactions, the 1ocall.zation of' labe1 to the cell surfaces vas IIIOre 

precise af'ter 3H_f'ucose than after 3H-galactose. 

'lhus, as seen vith each of' the previous 1abelled sugars studied, 

3H-tucose bas its ovn specifie pattern of' cellular uptalœ in tissues 

ref'lecting the abil:i ty of' various caUs te absorb this sugar, the 

cftstribution of' f'ucosyltransf'erases, and the content of' f'ucose residues 

1.n the various substances being secreted by the dif'f'erent cel.ls. 
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SUMKARY AND CONCIDSIONS 

'!'he present investi.gation began as the resuJ.t o~ some evidence 

obta1ned d:uri.ng the course of prel.,m1nary light microscopic radioautographic 

stud:ies on the d:is~bution of 3a-galactose label in rat tissues. 'lhis 

evidence sbowed tbat label vas ta.ken up in the Golgi region of intestinal. 

col'UJllnar cells at early time intervals &rter 3H-galactose injection 

into rats, but at later t1mas, the label appeared at the apical surf'ace 

of the cel.ls. Since the Sl1l"f'ace vas the site of a promi.nent micro-

rlll us celi coat of glycoprotein nature. the resul.ts suggested that 

this surface coat might be synthesized in the Golgi apparatus of the cells. 

it vas decided to investigate thi.s phenOllBnon using electron 

m:1.croscopic radioautography &tter JH-gal.aetose injection into young rats. 

The results obtai.ned from tbis study showed that in duodena1 villus 

columnar ceUs the 3H-gal.aetose label vas taken up in the Golgi apparatus 

itself at early t.1.mes, and later migrated to the apical celi surf'aee. 

Furthe1'lllOre, a method or transport for th1.s labeUed materiaJ. vas inc1icated 

in the form of small cy"toplasm:1c vesicles which appeared to arise t'rom 

Go1g1. vacuoles and mgrate ta the apical. surface membrane. '!hus it vas 

interpE"eted that 3a-galactose vas ineorporated into the carbohJdrate side 

chains o~ glycoproteins 1Ih:1ch migrated to the apical. celi surface to he 

added to the ceU coat. 

At th1.s time. a nev isotope label Ja-rucose became available. 

Sinee this sugar d1d not convert to other suprs or break dovn, it vas 

cons1.dered to be a bet:ter precursor for the carbohydrate lD01ety of 

g1ycoproteins. Therefore rad:1oautograpbj.c experlments vere carried out 

at the llgbt and electron mcroseopic levels vith tlds l.abelled sugar in 
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rat tissues. '!hese stud:ies produced the followi.ng resul.ts 1 

In duodena1 villus co:Lumnar cells the JH-.f'ucose labe:L vas 

1.ncorporated, at ear:Ly time intervals &fter injection, into gl.ycoproteins 

in the Go:Lgi apparatus. Since fucose occurs as a term1.nal residue, 

on the carbohydrate side chains of glycoproteins it coul.d be conc:Luded 

that the Go:Lgi apparatus is the site of completion of synthe sis of 

g:Lycoproteins or at :Least some of their side cha1ns in tbis ceU type. 

At l.ater time intervals &fter 3a-1"ucose injection, labe:L appeared 

over not on1y the apical surface of these ceUs but also over their 

lateral and basal. surfaces. These resu1.ts indicated that :Labelled 

gl.ycoprotein migrated frOll the Go:Lgi apparatus to al]. of the celi. 

surfaces and suggested that the carbohydrate u:ter1al. a10ng the latera1 

call surfaces migbt not be as di.f'ferent from that on the apical surface 

as previ.ous:Ly tbought. As in the r~oautograpbic studies &tter Ja­

giLlactose injection, soma label vas found to be associated vith cyto­

pl.asmic vesicles. Quantitative anal.ysis of th:is association of :Labe:L 

vi th vesicles strongly suggested that these vesicles vere the means or 

transport ot l.abe:L to the call s~aces. 

Labe:L also appeared in lysosomal. bodies at :Later tilDe interval.s. 

'nUs f1nd:1ng suggested that :Lysosomes rece1.ve their newly labelled 

g1ycoproteins, perbaps representing the lysosomal hydrolases themselves, 

f'l"om the Gol.g1 apparatus, a1 though the mechanism of transport vas not 

clar1.fied. 

J.. techn1.que vas success:full.y devised in vh.ich t }1 thick sections 

~ glycol J88thacrylate elllbedd.ed duodenal. tissue cou1.d be subjected to 

electron microscopie radioautograpby and tben poststa1.ned spec1fical].y 
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~or gl.ycoproteins using phosphotungstic aci.d. When radioautographs f'rom 

animal s sacrif'i.ced at di.ff'erent time intervals af'ter :3H-f'ucose injection 

were examined, the resu1 ts showed that the label vas almost comp'letely 

locali.zed to sites specUicalJ.y sta:ined f'or glycoproteins. 

In liver hepatocytes, the distribu.tion o~ %-f'ucose label vas 

also i.nvestigated by electron microscopic rad:1.oautography at various 

times af'ter injection. The resuJ.ts obtained agdn indicated tbat the 

synthe sis of' glycoprotein material vas comp'leted in the Golgi apparatus, 

and that some of' the labe1led glycoprotein migrated to the ceil surf'aces 

perhaps to be added to the cell coat whUe other labelled glycoprotein 

migrated to the cell lysosomes. 

F1nall.y, light microscopic radioautographi.c inve stigations 

carried out to i.nvestigate the distribution o~ 3g-~cose label in a variety 

o~ rat tissues, showed that the Ja-f'ucose label after incorporation into 

the Golgi reg1.on of' cells at early t1me interva1s ba.d two main ~ates 1 

migration to cell secretions (mucous, serous or ground sUbstances), or 

migrati.on to the surface of' cells. 'lhis latter phenomenon occurred 

in a great var1.ety o~ celi types and i.ndj.cates tba.t the pa:th.way o~ 

synthes:is of' cell coat material observed in the electron microscope in 

duodenal villus columnar cells and in bepatocytes rll&y represent a 

cocmon pathway by which al1 cells man~acture their cell coat. 
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n.g. 1. Paraf'fin section o~ duodenal ~osa. Stained vi. th hematoxyl1.n 

and eos1n. 210 X 

In the upper tvo tbirds of the ~igure the duodena1 

epitbelium is projectsd into the intestinal lumen as four 

viUi, each w1.th a central core of lamina propria. Belov the 

villi the epithelima is invag:1n atsd to form crypts. The lumen 

o~ one crypt (vertical. arrov) is seen to open into the space 

between the tvo central ri.lli, and it cm be seen that the 

epitheliua lining tbis crypt 15 continuous w1.th that covering 

the viUi. The villus epithelium consista mainly of columnar 

absorptive cells interspersed vi th occas1onal goblet cells. 

The JllUCOUS thecae of the goblet cells are unstained (horizontal 

arrovs) • The vill.us colWllJ1ar cells have heavily stained 

cytoplasm except for an area above the ceU nucleus vb:1ch 

contains the Golgi apparatus; this area presents a negative 

Golgi 1lIIage (oblique arrov). 



Vi Iii 

Crypts 



Fig. 2. Paraf'~in section of part of a duodenal villus cut longitud1.nal.l.y. 
Sta1ned vith PA-Scbitf and hematoxy11n. 760 X 

The la,er o~ epithel1al cells covering the 1Jmer lamina 
propria core (LP) of the villus consists ma1n1y of col.umnar 
absorptive cells interspersed vith occasional gobl.et cells. 
Be'bnten the bases of the col.umnar cells. near the 1.am1.na 
propria core. the nucl.ei of 80_ l.JIÇhoid cells are evident. 
!he 8II1C11S contents of the gobl.et cells sta1.n intensel.y vi th 
the PA-SCh1.t~ stain as does the apical striat8d borc:ler of the 
col.1DIDU' cells. The lateral ~ace .lIbranes of the col.umnar 
cells are a1ao de~1n1tel.y staiDed. but .,re l1ghtl.y (vertical 
arrov). The col.1DIDU' cell cytoplasa is lIOstl.y unsta1ned. but 
patcbes o~ sta1n SOJI8~S occur abon the nucl.eus and 
represent. el.e.nu o~ the Go1.g1 apparatus (horiBont.a1 arrov). 
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Fig. 31 Blectron Jdcrograph of the apical b&l.f of duodena1 villus 

c01l111r1&Z" ceu. eut iD s1:1gb.t170bl.1que sect1.on. sta1œd 

v1.th uralrl:ua &Del lead.. 10.000 X. 

In the electron at.croscope. the aJdcd striated border 

obsened in U,ght Id.crograph8 or co11œ2ar cells l.s .. en to 
be ude IIp ot 1.Dd1.v1.d.ua1 Id.crov1l.l..1 (Jw). Just beDeath 

th:1. m.crovUlus border 1.. an area ot c,.topla. occup1ed 

by borisont&l17 rmming t 11nents ot the tandn &1 cell web 

(ft). !'he c)'topla. ot the tamn.l .. b repon does DOt 

conta1.n m.:tochoDdria or c1.starnu ot rough endopla. c 

ret1cul.1IIl. but. conta1.ns e1_l1ts ct dDOth endoplasw1c 

ret1cu1111l.~ smot.h ~aced c7topla..sc ve.1.c1 ••• ADd 

occas1ona1 1)'8080 •• such as the 1IU1t1.~.i.cul.ar bod.7 
(MYB) at the upper l.ett ct the t1.gure. Lpo8O.S are 

&180 8I1CoUl1tared in other regions ct the c)'toplasa. as 

sbo1lll by the presace of -ell dense 'bocti.es (D) abene 

the l1œleua (H). 'l'be Go1g1. apparatus in tbase cells 

cons1.sts ot 0_ or .ore stacks ot tl.atteaecl Go1g1. 

saccule. (G) 1.ocated iD the c7topla. above the nuc1eus. 

The 1ateral. cell -.branes (bib) ot the .. cells are otten 

bi gh]7 cOJJY01uted. 





Figs. 4-8. Electron micrographs of duodenal v.illus co1umnar cells. 
Sta.:ined w1.th uranium and 1ead. 

F1.g. 4. '!he apical cytoplasm of co1umnar cells bordered by a row 
of mierov.illi. (DIV). Attached to the outer 1eaf'let of the 
plasma. membrane of the m:icrov.i1.li is a distinct surface 
coat (SC) wb:ich is thicker over the tips of the micro­
v1lli than over their 1ateral surfaces. Wi tb:i.n the 
microvilll are cores of central filaments (F). '!he se 
pass downvards to join the hor1.zontally running 
filaments of the terminal web ('1W) wtdch in turn con­
verge on the zonula adhaerens (U) of a junctiona1 comp1ex 
at the 1eft of the figure. In the terminal web region 
of the cytoplasm, is a number of STIlOoth surfaced cyto­
plasmic vesicles averaging about 140 mp in diameter 
(vertical arrows). The membrane of these vesicles is 
s1milar in thickness to the apical ceU membrane, and 
at some sites (horizontal. arrow ) there are 1ndicati.ons 
that these vesicles may fuse vith or derive !rom the 
anical. surface membrane. 1he vesicles contain .fila­
mÊmtous materia1 sim11ar in appearance to the surface 
coat. Also included in the terminal. web cytoplasm 
are vesicles and tubuJ..es of smooth endoplasm:1c reticulum 
(oSER) • 'lhe membrane of these elements appears thinner 
and more i.rregul.ar in outline than that of the above 
mentioned cytoplasm:1c vesicles, and the contents of their 
lumens are more elec'tron dense. (2,0. zonula occludens; 
1mb. lateral ceU membrane; CV. eoated vesicle). 33,000 X 

Fig. 5. Golgi region of cytoplasm. Running horizontally across 
the figure is a st&ck of Golgi saccules (GS); this stack 
is polarized vith its immature face directed towards the 
bottom of the figure and its mature face towards the top. 
'!he saccules midway between the two faces of the staek 
are very fiattened in their central portion, and contain 
dense material. in their lumens. A.t their ends these 
saccules are expanded and their luminal contents are 
electron lueent. At the mature face of the Golgi stack 
the saccules are aven more enlarged at their ends t 
forming Golgi vacuoles (GY). Along the immature face 
of the Golgi staek, a cisterna of rougb endop1asm:1.c 
reticulum (RER) is located close1y para1lel te the most 
immature Golgi saccule, separated from it by a distance 
equal to that between adjacent Golgi saccules. Soma 
ribosomes can be sean along the surface of the cisterna 
avay from the Golgi staek. '!he l'UIldnal contents of this 
cisterna are simiJ.ar in electron den si ty to those seen in 
other cisternae oj~ rough endoplasmic reticulum (HEP.) in 
the surround1.ng cytoplasm. Near the top of the figure 
1s a fairly large eoated vesicle (CV), while other smaller 
vesicles occur near the Golgi. saccules. 28,000 X 

.4f''''ë' 
,~ ,{{~: 



Fig. 6, An area of cytoplasm containing a large dark multivesicular 
body (MYE), two mitochondri.a (H), and a Golgi. sta.ek (GS) 
secti.oned through its peripheral region. Along the 
immature face ot the Golgi stack, a ci.sterna ot rough 
endoplasmic reti.cuJ.um 1.5 seen (BER), wlrl.ch leads avay 
trom the Golgi. apparatus where 1 t becomes eovered by 
ribosomes on both of i.ts surfaces (right side ot figure). 
In the Golgi. stack i.tse1f, sma.1l. vesi.eles appear to arise 
from the ends of the central saeeu1es (horizontal arrow). 
In the lover part ot th:1s fi.gure, a cisterna of rough 
endoplasmi.c reti.culum i.s wrapped aro'lUld the 'two mita­
ehondri.a. The surf'aee of the eisterna near to the mito­
ehondri.a i.s studded with ribosomes wh:ile the other surf'ace 
bas almost none. The dsrk mult:ives1eUlar body shawn here 
conta1ns a uni.f'orm1y dense matrix in whi.eh are severa1 
internal ves1cles; most ot these bave l1ght interiors, 
but soma are filled with mater:iaJ. as dense as the matrix 
1tse1f. (GV. Golgi. vacuoles). 28,000 X 

Fig. 71 Golgi reg10n of eolWrJn&r celle A borizontally 
orientated Golgi staek (GS), cut througb 1ts central 
region, 1s seen in the Dddd1e of the figure whi1e a 
vert1eall.y orientated stack, eut through its peripheral. 
region, \s seen at the left. A eisterna of rough endo­
plasDde ret1cuJ.um (RER) oeeurs along the immature face 
of the left hL'ld Golgi staek. Near ta the Golgi. stack 
is a number of cytoplasmie ves1eles (V). '!hese are 
s1mil ar in a1ze and appearanee ta the eytoplasm:ic vesi.eles 
seen in the apical cy'toplasm in figure 4. Somewhat larger 
ves1eular struetm-es contain sma.ll internal vesieles and 
therefore are classi.fi.ed as multivesicular bodies (MVB); 
these are of the 1:ight type sinee they do not eontain 
a un:if'OrDÙ.y dense matrix. In the inset of t..1rl.s fi.gure, 
three mult1vesi.cuJ.ar bodies are seen O~VB). the smallest 
body at the upper left i.s a l:ight multivesicular body; 
eontain1.ng only a small. amolmt of moderately eleetron 
dense matrix between i.ts fev vesicles. The large dark 
muJ.t1vesicu1ar body at the right eontains a fa1.rly dense 
matr1Jt througbout. 'lhe contents of soma of' its internaJ. 
vesieles are ligbt whi1e others are dense. Finally, the 
mul.t:ivesieuJ.ar body at the lover lett , has a very dense 
matrix throughout. In the ey'toplasm of thema1n fi.gure are 
two dense bodies (D), both vith a unif'orm matrix of moderate 
eleetron density. In the right band portion of the upper 
dense body one vesicle is seen having a very dense interi.or. 
Beside this vesiele, the 1:imi.ting membrane of the dense body 
appears to be invaginated. 1he lover dense body eonsi.sts 
of two enlarged vesieu1ar portions eonneeted by a long narrov 
stock. (lab, lateral celi membrane). 33,000 X 

inset 28,000 X 



Fig. 8a Cytoplasm o'f two eolumnar eel1s. In the upper eeU 
are two dense bodies (D). 'l'bese eontain a fairly unif'orm 
dense matrix; however some granuJ.ar material is present 
near their periphery. and a vesieuJ.ar profile 1s seen in 
the right band portion of the larger dense body. In the 
lover ceU 1s a larger dark mul.t1vesicuJ.ar body (MVB). 
'l'b1s body has as l.ts predominant content a un:1f'ormly 
dense matrlx. but i t al.so conta.1ns a few internal 
vesieles. Some of these have llght interiors. but 
others have contents as dense as the matrix 1 tself and 
are diffieult to see. 33.000 X 





Figs. 9-14. 

Fig. 91 

Fig. 10. 

Fig. 111 

Light microscopie radioautographs of epon sections. or 
duodena1 tissue arter 3s-rucose :injection. Sta:1.ned vith 
tolu:id:1ne blue. 

Section o~ duodenal. aucosa a 2 minutes arter 3H-f'ucose 
:injection. Exposed 8 weeks. 

The base ot one duodenal rlllus and parts ot the 
bases ot adjacent v:1l.l1. are seen :in th:1s tigure along 
vi th the underly:1ng duodenal crypta. A strong rad:1o­
autographie reaction occurs over the rlllus columnar 
cells, :in vhich JIIOst or the silver grains are 
concentrated over the supranuclear Golgi region (nucleus 1 

N). .A. fa:1rly strong radioautographic reaction is also 
seen over the supranuclear region or v1.llus goblet cells 
(obl:1que arrovs), vldle a 1:1ghter reaction occurs over 
goblet aells :in the crypts (horizontal anov). Only a 
very light rad:1oautographic reaction occurs over the 
crypt columna.r cells, yet bere too, a rev silver gra:ins 
can otten he seen ovar the supranuclear region ot the 
cells (vertical. anov). 400 X 

Part ct the basal. th1rd ot a duodenal. villusa 5 minutes 
&tter -'lI-fucose injection. Exposed 6 veeks • 

.&. rov ot villus columnar and.·· goblet cells ex1:ends 
horizontally across the rigure, bordered above by part 
or the :intestinal. lw.n, and. beloy by the lamina propri.a 
core ot the villus. A strong rad:1oautographic reaction 
is seen over the supranuclear region or the villus 
collDlDar cells (nuclewu N) and al.so over goblet cells 
(horizontal arrow). In both cases very rev silver 
gra:1ns occur elsevhere over the cella. Reaction over 
the 1mderlying 1amina propria (!p) is Ught at this 
t.iJœ interval, but S1II&ll. clusters or s11var grains occur 
over the paranuclear cytoplasm or occasional cells 
(vertical urOY). 900 x 

Part or the basal third or a duodenal. villus; 1 hour 
arter 3H-tucose :injection. Exposed:3 vseles. 

The rad:1oautograpb:ic reaction over the villus 
columnar cells is hearler than that seen at the earUer 
t1me intervals, and the distribution of silver grains 
bas changed greatly. Nov heavy reaction occurs not 
olÙy over the supr-anuclear Golgi reg10n or the cella 
(nucleus 1 H) but al.so over the:1r apical striated border 
and &long the:1r lateral. cell surf'aces. Th:1s latter 
reaction i.s espec:1.alJ.y vell seen :in. the repon or the 
basal baU' or the co11DllD&r cells (horizonta1 arrov). 1000 X 
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