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Abstract

A 3 -

The presedce of Ffucose- and galactdhe-containing glycof
proteips in the nucleus was investigated using. tadioautogiabhyi . .
and 1ectin4cjtocheniafry. Afte; 3B-fucose administration to frog
dorsal root ganglia, uuclear labelling was observed in satellite
and Schvan; céils‘atmgly time 1ntet:vals.scudied.a Radioautggraph~
ic silver grains ;ere evenly distributed over the nucleoplasm at
the earliest times (5 and 15 ;1n) but showed a preferenti;l
localization to the nuclear periphery at the last time interval R
(18 hrs). Also at 18 hrs, some cells exhibited irregular
expansions of thg nuclear envelope which showed heavy 1labelling.’
In wvarious rat duodenal cells, .reaction was localized over
nuclei, at all times studied after 3H-galactose injection. At 5
hrs gost;injection, the condensed chromatin of ni;otic cells was
also labelled. Lectin-binding ;xperinents using fhcose-specificl
UEA I\ and galactose—-speé¢ific RCA I lectins on sections of the
above tissues embedded in Lowicrylwgbu showed specific binding of
the nucleoplasm and nuclear envelope. The results of stu&ies
using these two techniqueé .provide ‘good evidence ‘fdt the

existence and active synthesis of fucose- and galactose~

containing glycoproteéins in some animal cell nuclei.
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Nous avons etudie a 1'aide de 14 _radioautogr_aphie et des

‘ . lectine; les glycoprote’inel du noyau. Apres injection du fucose

urque’ au tritius nous avons observe’, dans les ganglions spinaux
de la grenouille, wune *reaction radioautographique des hoyi“ux des
‘ cellules satellites et des cellules de Schwann et cela "a tous les
intervales dg temps aprls injectioch. A 5 et 15 miriutes apres
injection du H-fucose alea radioautographies montrent des grains
. d"argent unifome’-ent"»;listribue's au des's)im du nucleoplasme des

noyaui. Aux intervales de temps plus longs (e.g. 18 heures) les

, 'grains d'argent sont localises surtouta la pgriphe'rie des‘

noyaux. Apgés 18 heures on obgserve que des e’vaginations
irregulidres de 1'enveloppe nucleaire sont fortement marquee’s par
le sucre radioactif. Apres injectfon de H-galactose a des rats
nous avons gussi observej un marquage des noyaux de certaines

cellules du duodenum et cela a tous les intervales de temps
aprés injection.- A 5 heures ;prZs injection nous avons nbte’ que

nfhe la chromtine' condensee des cellules en division montrait
une reaction radioautographique. L'utilisation de lectines qui
se lient spécifiquement au fucose ou au galactose sur des coupes
de tissus déjk mentionnes et pre‘alablenent enrobes dans le
Lowicryl K&4M nous a p'emls de démontrer la présence de ces deux
sucres dans le nucle’oplasme et l'envéloppe nucléaire de ces
cellules. Les resultats obtenus avec ces diverses methodes ' pon
seulement demontrent une pre'sencg» mais e’galement une bic‘oeynth‘ese

" de glycoprote’ines dans les noyaux de ¢éertaines cellules.
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Introductiom

In the past twenty-five years, integésc. in complex

carbohydrates has increased dramatically with _the recognition of
their importa;bce\ in cellular and tissue econony.: Some of the
biologicall activities they are now known to be involved in
include cell=-cell or cell-matrix interactions, cell activation
and division, cell adhesion, cell sgrface‘ changes in transforma-

tion and malignancy, and blood group antigenicity (Shrevel et al,

1983). *oe

l,Zt is now recognized that a great majority of carboi\ydrate-
Contah{mg molecules are glycoproéeins, encompassing a wide range
of structures. The extent of glycosylation is8 known to vary

considerably in this clags of molecule from glycoproteins such

as collagen containing as little as 1% carbohydrate fo others-

such as mucins . composed of up to 80% carbohydrate. Most
secretory products of the cell are glycoprotein in nature. The
sadie can be said for.the lysosomal hydrolasei and for most

.

transmembrane proteins.

The most commonly occurring. form of c'arbohydrate in

glyc(oproteins 418 of an oligosaccharide side chain linked N-
glycosidically to an asparagine resi'due of th.e polypeptide chain
(Kornfeld and Kornfeld, 1980). A :\s'econd form 1is an
oligosaccharide side chain linked O-glycosidically to serine or
threonine ’residues. Included in this group are the
glycosaminoglycans, which are unbranched chains of repeating
disaccharide units so named because one of the two sugar res.idues
in the repeating disaccharide is always an amino sugar. Those

/ .

%

L a,

-k,

o
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glycoproteins with glycosaminoglycan chains are referred to as
proteoglycans (Alber& et al, 1983), The only other commonly

occurring type of side chain in glycoproteins occurs in members

of the collagen family (Kornfeld and Koranfeld, 1980) which have

sugars 0-glycosidically linked to hydroxylysine.

The biosynthesis of glycoproteins has been studied

extensively in recent years and consid‘arable data has b;en
obtained related to the steps of synthesis an& the intracellular
sites at ;vhich they occ‘ur. (Struck and Lennarz, 1980;‘1 Lodisf\ et
al, 1981; Hubbard and Ivatt, 1981; Alberts et al, 1983). It 1is
believed that the specific enzymes necessary for \glycosylation,
ie. the glycosyltransferases, are confined to the lumenal
surfaces of t:he‘ rough endoplasmic clsternae, the nuclear emrelop\e

and the sagcules of the Golgi apparatis (Alberts et al, 1983).
|

While all protein synthesis, 1nc1ud1ng\that of g;‘s'eoproteins,

+

begina_/on free ribosomes in the cytosol, the future glycoproteins

coiplpte their synthesis on ribosomes bound to the rER. The

-

newly formed polypeptide‘ chain is vectorially discharged through

‘the membrane of the rER. In the case of fpt:ure secretory

gfycoproteins or those destined for cﬁe lumen of lysosomes, the

chain passes entirely through the membrane and the glycoprqtein

5 +

‘released into the lumen. Membrane glycoproteins, however, remain

!

«

permanently embedded within the 1ipid bilayer via a hydrophobic

portion of the polypeptide chain. From the rER, the polypeptides
nigracé by way. of transfer vesicles to the Golgi apparatus.
Soluble pttiteina migrate within thé lumen of the various

compartments, #hﬁ.e neﬁ%tane proteins migrate within the plane of

the meabrane.

IS
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Much of the evidence for the intracellular sites ‘of
gly_g:oeylatfi;n came from radioautographic experiments, such as
tl;ose carried out in this department (Hi\ur, Herscovics, and
Leblond, 1969; Bennett, 1970; Bennett and Leblond,. 1971; Bennett
and 0'Shaughnessy, 1981; Bennett et al, 1981). The 1n1tia1
addition of N-linked oligosaccharide side chains occur;: while the

polypeptide /13 in the rER or nuclear envelope, while tern‘iﬁal

glycosylation occurs in the Golgi apparatus. The ’glycoéylated

proteins are then delivered via vesicles to lysosomes, to the

plasma membrane or to the cell exterior.

\

Thus, according to the above concepts, the carbohydrate

El

portion of glycoproteins should exist only within the lumen or at

the lumenal surface of the rER and tuclear envelope, transfer
vesicles, Golgl apparatus, Golgi-derived vesicles, endocytic
vesicles and lysosomes; at the external surface of the plasma’

hnenbrane, or outside tﬁe cell. .

™

r

Sincevother intracellular sitels such as the nucleoplasm are.

not located along this “secretory pathway”, they have not usually

o

- . -4
beep considered to ‘be sites at which glycoproteins are localized

(Alberts et al, 1983). In the last fifteen years:-or so, however,

a number of reports have appeared in the literature suggesting

the presence of glycoconjugates in this compartment.

-

Evidence from Literature for the‘ Presence of Glycoproteins
in Nuclei < ;

Boi:h biochemical, and more recently, cytochemical techniques
have been used to 1n\;estigate the presence of glycoproteins in

the nlucieus 1nc1uding éomponents, of the nuclear énvelope as well

\
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as the nucleoplasm. ‘ R ;

1) Nuclear Envelope

~ -

In biochenical studies, labal obtained in a nuclear fraction
of baby haaster kidney celln after . exponure to 3H-glucobau1ne or

3H-fucoqe (Keshgegian and Glick, 1973; Buck et al, 1973) vas

'cqnpletelg réaoved froma the nuclei by extensive detergent

'nucleat envelope subcompartment. 'Biochenical analysis of rat

liver nuclear envelope glycoproteins revealed the prreseuce of

significant amounts of na‘?nose, glucose, and glucosamine and

N

lesser amounts of galactose, galactosamine, and sialic acid
(Kavasakiland Yanmashiwa, '197i' Franke et al, 1976)..
Lectin. b;l;nding to the nuclear envelope or nnclear sutface

3

has been observed in a _variety of biochenical studies. Nicolson

- et al (1972) showed that ddditiou of Con A WGA, RCA, or UEA I

lectins to bov}ne liver nuclei caused agglutination, providing

evidence respectively for the presence of mannose, N--'_

. N
acetylglucosamine or sialic acid, galactose and fucose -moieties

 at the surface of these nuclei. Con A was found to bind to the

luminal aur;face of inner‘ and outer layers of the is‘olated nuclear

envelope of amphibian ococytes (Feldherr et al, 1977).. Similar—
ly,"Con A binding was obsérved on the ;:isternal s‘urfa.ce of bdoth
inner ‘and‘t‘ml:er layers of the nuclear envelope of isolated calf
thymocyte nuclei (Honne;:'on and “Segretain, 1974), 1In this
partilculér sll:udy, binding to ribosomes on _the' cytoplasmic surface

of the outer layer was also observed. After exposure of isolated

rat liver and hepatoma nuclei to 38-Con A and iﬂ—RCA binding to

¢
-

e ' o .

.washing. This indicated that the label was contained in the .

)



the nuclear -drf;ce vas detected by Kaneko ef al (1972). After
3y

ieoi].a_ﬁ:idn of the nuclear envelope of human lymphoblastoid cells,

aad protein separation by SDS-PAGE, Gurtler et al (1979) found

RCA™ I 'bound sttongly to two proteinn. indicating the presence of
.

galactose residues. Guinivan et al (1980) identified a number of

'glycopept:ides ueing radiolabelled lectina on two-dinensional gels

of nuclear- envelope pteparations from Chinese hanst\épr ovary
cells. These peptides were found to contain residues of such
sugars as mannose, glucosamine, galactose and fucose. Gerace et

al (1982) identified a l90-ﬁilodalton intrinslc nenbtane protein

,lfron SDS-polyncrylanide gels of rat liver nuclear envelope

*

: proteins. ‘Iunun’ocyto‘c'heuical studies ghowed that this protein

occurred specifically in the nuclear pore conpiex. It stained

positively with the periodic acid-Schiff procedure, and bound Con

A but not WGA, indicating that it was a high-mannose type
. :

' glycoprotein. Upon treatment of nuclear envelopes with Triton X-

100, the glycoprotein remained associated with the ndclenr pore

complex. A glycoprotéin' of si.nilar molecular wveight was also

identified in other vertebrste species and of Drosophila

melanogaster: enbryoa (Fisher et al, 1982), Finally, Compton and
™

Courtney (1984) ‘provided evidence"that some virus-specific glyco-
proteins associafed with the nuclear envelope of Herpes simplex-~

infected cells were resistant to endoglycosidase H.

In-cytochemical studies, Con A has been localized to the .

luminal surface of lnner and outer nuclear membranes of various

feeil types (yirtanen and Wartiovaara, 1976; Virtanen et al, 1980;

Bourguignon and Butmsn, 1982; Tartakoff and Vassalli, 1983; Piato

-da Silva et al, 1981; Hart and Wood, 1984) indicating_‘the
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presence of mannose- or glucooeLcGntaining glycoproteins.
Similar Con A binding occurs in the rough endoplasmic retficulum,

and suits the concept that the high-mannose type of oligosaccha-ﬁ

r:l.dfxide chain (with assocliated glucose residues) is added to

g8lycoproteins at this site. When WGA hds been used in such

studies, binding has not usually been observed in tt)e nuclear
envelope and rough endoplasmic reticulum but is seen only' in the
Golgi apparatus, lysosomes, secretory vesicles and plasuma

menbrane (Virtanen et al, 1980; Tartakoff and Vassalli, 1983;

‘_l’oturisi and Pinto da S‘uva,v 1984). Since this lectin would

mainly detect the glalic acid residues of complex oligosaccharide

gside chains, the above results suit the concept that such side

" chains are fornegi only in the Golgi aparatus, and that, once

‘formed, the glycoproteins with complex side chains do not flow

back into the rough endoplasmic reticulum and nuclear envelope.
It must be noted, howev;at, that Virtanen and ‘Wartiovaara (1976)
did o¥erve WGA binding in the nuclear envelope. Similarly, Hart
and Wood (1984) found that the Con A binding in the nuclear
menbranes of neurons was endoglycosidase H resistant, indicating

-

the presence of complex type oligosaccharid}.

2) Nucleoplasm

* A number of biochemical studies have reported the presence

of glycoproteins in the nucleus with(,out specifying thelir exact

distribution. Farr and Horisberger (1978) isolated a sulfated

¢
and phosphorylated B-D—-galactan from nuclei of the acellular

slime i‘ifold P, polycephalum. Glass et al (1980) re;;orted that

SDS-polyacrylamide gels of .nuclear fractionﬁ of normal rat liver,
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Novicoff hepatoma and MAT-B rat. mammary tumor cells all showed’

bands which b;und WGA and Con A. These bands were not reamoved
when the nuclear fractions were treated with Triton X-100
det;rgent. Glycosaminéﬁlycags of the chondroitin gulfaﬁiCype
were found in ;he nu¢lei of cultured mouse melanoma cells
(Bhavanandan and Davidson, 1975). The nuclei from rat brain
were found to co;¥ain glycoaaminoglyé;qs comprising 572
chondtoitip-b-eulfate, 7% chondroitin;G—suig;te, 29% hyaluronie
acid and 7Zihep;r1n aulf;ce (Margolis et al, 1976): In addition,
the éane nuclei "éontained glycoproteins with an average
composition of 30Z ﬁhacetylglucosauine, 292 nannose,,l92 sialic
acid, 152 galactose, 4% galactosamine, anq 3% fucose. Finally,
in nuélei of regenerating fat liver, Purukawa and Terayama (1979)
reported the presence of a sulfated glycoprotein which appeared
to be mainly assbciaped_with the karyosollrather than the
chromatin fraction. )

In other biochemical gxperiments, the chromatin fraction of
nucl@éi has been isolated and reported to contain glycoprotein.

.

When* hdonhistone chromosomal proteins of sea urchin embryo nuclei

were run on SDS-polyacrylamide gels, some high mobility fractions °

’
_stained with the PAS reaction, indicating the presence of

glycoprotein (Sevaljevic and Krtolica, 1973). Some of these

appeared to consist of hyaluronic acid (which has a GAG structure

v

although perhaps not linked to protein). Chromatin from the same

nuclei was found to bind Lens culinaris lectin (Sevaljevic et al,

1979), as were several proteins of the nuclear matrix (Sevaljevie.

et al, 1981) indfcating the presence of mannose regidues.
% : S
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Nonhistone chromatin proteins of rat Walker carcinoma cells were
found to \contain 32Z carbohydrate, as determined by the <~

naphthol reaction (Tuan et al, 1973)., 1In a separate study,

" antibodies to a glycoprotein .of MW u26,000 isolated from the

chromatin of Novicoff hepatoma cells was found to be

immunologically similar to proteins found in the chromatin of rat '

’

Walker carcinoma cells and 18 d°ay old fetal liver but not in
adult rat liver (Yeoman et al, 1976). Furukawa and Terayama
(1977) described the presence of gly;:oaaminoglycans consistin
mostly of hyaluronic acid, bdut some chondroitin sulfate as wellj
asgociated with the chromatin fraction of norma]: rat liver.
Goldberg et al (1978) demonstrated a PAS-positive staining of a
variety of chromatin proteins 81’80 from rat liver and Novikoff
hepatoma cells; affinity electrophoresis with different lectins
showed that these glycoproteins contained N—acetyiglucosamine,

mannose and fucose residues. Rizzo and Bustin (1977) ‘also

electrophoretically separated rat liver chromatin proteins ‘and

found that Con A specjtfically bound to three nonhistone proteins
—— . '
of apparent molecular weight. 69,000, 125,000, and 135,000. The
69,000 MW band migrates with a triplet of bands re’ported to be
the nt;clear matrix protein (Berezny and Coffey, 1975) or the
nuclear pore-dense lamina complex {Aaronson and Blobel, 1975).

. Through the \Q{’of micrococcal nuciease, mononucleosomes
were digested from the nuclei of Ehrlich ascites tumour cells and
were electrophoretically separated-into three types (Miki et al,
1980). On the basis of Con A-binding and labelling with 3!1-

-

glucosamine, two out of the three types of nucleosome contained a

glycoprotein with an apparent MW of 130,000,

)
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After exposing HeLa cells to JH-glucosamine or 34-fucose,

for 48 hre, uptake of label into a variety of nonhistone proteins
N

has been observed (Stein et al, 1975). Xfeer 3H—g1ucosan1ne

eé:poaure, the label resided primarily in glucosamine and
galactosanminé residues. Some incorporation of 1label into
pi‘«;teins of MW 10,000~15,000 was observed; these could be
histiones or tryptophan—containing nonhistone ﬁroteins. Finally,
label Vwaa also taken up into into high molecular we:lght/glycos-

aninoglycans which are’likely of, the chondroitin sulfate type.

\In Friend erythroleukemia cells or calf thymus cells, the

“Kigh mobility group™ (HMG) of nonhistone proteins were electro-
phoretically separated on SDS gels and shown to stain poaitively
with the PAS reaction (Reeves et al, 1981). Analysis of sugar
residues released by acid hydrolysis showed the presence of
mannose, galactose ‘and fucose residues. When Friend cells were
incubated with N-acetyl-BH—glucosamine, 3}l—mannose, 3H-galactose
and 3H-fucoee for 19 hrs and the HMG proteins then isolated, all
of the proteins incorporated each precursor. Mild alkaline
borohydride rt;duction studies showed that most of the

oligosaccharide side chains of these glycoproteins were attached

to the protein moiety by N-glycosidic linkages.

-

FPinally, the histone proteins may be glycosylated as shown

in the studies of Levy-Wilson (1983) on nuclei of Tetrahymina

thermophila. In these studies, the cells were cultured for 20

hrs wich'3ﬂ—fucose and the histones then extracted from the
I3

nuclei and separated nglectrophoretically. All five histones (Hl,

H2A, H2B, H3 and H4) were observed to incorporate label.
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-Similarly, all of the histones except H4 bound Ulex europseus I

(UEA I) lectin, and all five histones bound Con A indicating the
presence of fucose and mannose reaidues respectively.
Tetrahymina nuclei are unusual in that a very high proportion of
the genome is transcribed (Stathopo;loé et al, 19865; if the
glycosylation reaction were cortel;ted to the degree of
transcriptTpnal activity, it may be more difficﬁlé to measure in
the nuclel of mammalian cells where the proportion of the genome
that is translated is much lowef (Levy-Wilson, °1983). ~
Certain cytochemical studies have g};o detected the presence
of glycoproteins within the nucleoplasm. Most of these studies
have been carried out using lectin~colloidal gold[cytocheuiatry
on thin sections of fixed, undisrupted tissue. Horisberger et al
(1978) ;howed that the chromatin of Auclei of the acellular slime

mbld P. polycephalum labelled wih RCA I. Con A binding was

observed in the nucleoplasm of rat hepatocytes (Roth et al.,
1983). The gold particles were reported to be preferentially
asgsocilated with condensed chromatin and the fibrillar part of the
nucleblus and nucleolus-associated chromatin (Roth 1983). In
nuclel of a variety ;f cell types in 1izard ovardes, Seve et al
(1984) showed Con A and WGA binding was observed within nuclei as

well as over the nuclear envelope. With both lectins, the

lectin~gold partiéles were diffusely distributed over the .

nucleoplasm with some clumps of gold particles localizpd:over
nucleoli (Seve et al, 1#884). Very recently, Kan and Pinto da
S1lva (1985) have shown that when the fractur;d surface of rat
duodenal cell nuclei is exposed to UEA I, the lectin

preferentially binds to euchromatin.

¥
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Using a monospecific antibody to chondroitina sulfate, Aquino
et al (1984) revealed ti.he presence of antigen in ;xuclei of some
rat neurons. Similarly, in unfixed ultl:athin sections of rat
cartilage, energy dispersive x-ray analysis revealed the ‘presence
of sulfur in nuclei, which again was presumed to resié‘ll;z mostly in
sulfated glycosaminoglycans (Mitchell and Shephard, 1984),

In studies of cells undergoing mitosis it has been rpossible
to cytoclile-ically locaqlize lectin binding sites on chron;:sonesd,
thus providing evidence for the presence of glycoproteins in
chromatin. In human lymphocytes, fluorescein-conjugated WGA was
shown to strongly bind to mitotic chromosomes as well as to the
nucleoplasm of interphase nuclei (Hozier and Furcht“, 1980) while

Con A did not bind to either structure. Evidence of Con A binding

to polytene chromosomes of Drosophila melanogast’er was cited in
i .

the same study, however (Hozier et al, unpublished data). 1In

early metaphase chromosomes labelled with WGA, a distinctive

binding pattern was evident (Hozier and ‘Furcht, 1980). This

‘binding pattern was similar to the one reported by Kurth et al

(1979) in polytene chromosomes of salivary gland cells of

Chiromonas thummi exposed to filuorescein-conjugated Con A. It
was further found that Con A preferentially b;);md, to
transcri,ptionélly active regions of chromosome 1V as represented
by specifié "puff” regions. )
In cultured mouse fibroblasts, fluorescei‘n-labelled Con A
and’ WGA have been observed uniformly \gliatributed throughout the

nucleus, When the nuclei were tnsated with DNA'ase to remove the

chromatin, most of the fluorescence was also removed (Ben-Ze'ev

1

i}
-

e

iy
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and Abulatia, 1983). Finally, Braawell et al (1982) showed
< ey

‘ binding of fluorescein-labelled RCA I and WGA to nucleoli of

Reed~Sternberg cells indicating the presence oof galactose and N-

acetylglucosamine (and maybe sfalic acid) respectively in this

structure.

¢

While the above evidence certainly seems ext;ensive, one amust:
remember that most of the studies have been bioc,henical‘in nature
and that there are di.sad;rantages to this type of approach. The;.-e
is an everpresent possibility of contamination of one subcellular

fraction with another. This is particui_ar]:'}' important when one

. »

is investigating a structure with only vefy small qgantitie)s of

4 o

the molecule of interest (as is the case with glycoprotein in the

nucleus), since even minor concami'nation by a highly eénriched

fraction (such as Golgi apparatus or pla"éma membrane) could

produce migsleading results. In the isolation of nuclei, for

_example, what is to prevent gly"coproteins. (released from the

"secretory pathway" into the hc’mogenate) from'simply passing.
through the nuclear enve'lope.porea into the nucleoplasm? i!y a
variety of criteria such as enzyme studies or ultrastructural
examin;tion, sevezal nuclear fractions or subfractions appear to
be quite pure, but:‘Taven 1n‘thé‘ purest Eraction of "chromatin”,
for exam‘ple, it is gcknovledged that some elqents of nuclear
membrané; or even cytoplasmic could exist (Fawcett, 1966;

k]

Jackson, 1976b). .
L]

“

The cytoéhemical studies (on undisrupted material) provide
much stronger evidence for the presence of nuclear glycocon—
j’ugatés. Even here, however, there, is the possibility of

artefactual positive lectin-binding results.



The strongest evidence for the presence of glycoconjugates

"in the nucleoplasm would be the localization of label to this

site by radioautography after the adminiatration of-tritiated
s\iga'rs; This would also give sone information of the dynamics

involved in the synthesla of ;hese glycoconjugates. Up until now

) howevet, such work hds’ ;;rovided little evidence for true nuclear

1ahe111ng. p
In many of the radioautographic studies done with precursors
such as 3H7fqlcose, a certain number of silver gorains were seen to

occur over intracellular ‘sites othef than the “secretory-

.lysosome™ pathway at various time intervals after administration

of thé labelled precursor. One of the sites often exhibiting

overlying grains has, in fact, been the nucleus (up to 4Z,

;Bennett and Leto)lond, 1971'; up to 6%, Brasileiro et al, 1982; and

‘up “to 162 in Hand, 1979). __Considering, however, the small

percentage of the total grain count constituted by these grains,

"and the p:)salbility that they might have been due to crogs-fire-

from a combartment in close proximity with a much highe%r

radioactivity (ie. the Golgi apparatus), the reaction was not

con&idet:ed to be significant.

a

Only occasional studies have suggested that nuclear labelling

could be attributed to nuclear glycoconjugates. Af“éer”

interventricular administration of ,3H-N-acet:ylmannosam:lne.to rats -
) .

a smali amounI; of label was detected in the nuclei 6f neurons and

glial cells of rat brain. When 3H—fuc3‘se was used in place of

the BH-N-acetylmannosamine, s Very 11tt1e nuclear labelling .was

. observed (Reisert 1978; Reisert and Pilgrim, 1979). Similarly,

-t
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following exposure of cultured fibroblasts to Na235so,,, electron
microscope Tradioautography revealed the presence of silver grains
over. the nuclei, suggesting the presence of sulfated glycosamino-

-

glycans (Fromme et al, 1976).

-

o

In recent radioautographic studies? however, frog dorsal
root ganglia were pulsed in vitro with 3H-fucose, and then
1:1‘;:ubated for a further 17 hrs in unlabelled medium (Lavoie and
Bennett, 1983). Altht;ugh the primary objective of this %tudy
was to examine ‘axonal ’flow of glycoproteins in neurons, a
striking uptake of iabel was noted in ;:he nuclel of Schwam gnd
satellite cells. Preliminary studies (Bennett et al, 1983)
indicated that such reactions also occurred at shorter time
intervals' after expom‘fre to radiolabelled fucose. Since fucose

is.considered to be an<°8pecif1c precursor for glycoproteins (see

‘Discussion), these preliminary, results have provided some of the

most convincing evidence to date for the presence of nuclear )

%

glycoproteins. -, : ‘
] ' ~

. ‘ . a A

-
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Objectives of the'Present Work -

In the present project, the nuclear radioautographic

reactions observed over Schwann%tellite cells in

dorsal root ganglia exposed 1.n~ vitro te; 3H-fuc03e for various
t::lme periods have been\ examined in detail noting changes in the
distribution of the label with time. To see \1f nuclear labelling
could be observed at a very early time interval, ganglia were

exposed for as little as 5 min. The ganglia were' also exposed to

3H-tucose in vivo to see if similar reactions occurred and to see

if ‘nuclear reactions were observed in cell types of other

w
1
o o

N~

\

we o
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tissues.
“To test whether or not the nuclear reactions observed over

Schwann and satellite cell nuclel represent a true metabolic

E

incorporation of facose into glycoproteins, a variety’ of

*

experiments, including the use of cycloheximide cc; block protein
s 4 )
synthesis, were performed.

In another cell system, preliminary light microscope

radioautographic findings have suggested the presense of nuclear
labelling in rat duodenal cells in vivo after 3H-ga1actose

administration. Thus, electron microscopic studies have been

A
3

carried with such cells exposed to 3l:l--galac:t:ose for varying time

3
3

periods.

"

Finally, electron microscope 'cyt\ochenical atudies have* been
° AN

carried out on the nuclei of frog Schwann and satell_ite cells and

bl

rat duodenal epitheltal cells using the lectins Ulex europaeus

agglutinin & (UEA I) and Lotus tetragonolopus agglutinin (LTA)

for the 1in situ localization of fucbse residues and Ricinis

communis agglutinin I (RCA I) for the localization of galactose

residues. _— o . w

.
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Materials and Methods =/ ]

’ Radioaut o;raphj!c Studies

"Ae In Vitro Incubation of Dorsal ,Root Gatglia with Radiolabelled
' Sugars .
l) _3.H-Fucose s

Dorsal root ganglia were renoved from ‘adult bullfrogs (Rana
catesbeiana) via the experimental procedure of Lavoie and Bennett
Uit il '

(1983). The 8th and 9th dorsal root ganglia were dissected out

il

from both sides of the frog along with their nerve roots and
d e

—

- ,
_spinal nerve. The final dissection was carried out in an

oxygenated "norn}aff“ medium, consisting of 20 mM N-2-
4,—"

[y

hydroethylpiperazine N'-2-ethanesulphonic acid (HEPES) (Sigma
"  Chemical Co., St.Louis, Ho.), 5.5 mM dextrose, 1 8 mM CaCIZ y 2.0
" mM KC], and 114 mM NaCl at pH 7.4./,/"1‘he preparations were

‘ Qrane;ferre& to a lucite chamber where the compartmént containing
/” ' 1 -
the ganglion was separated from compartments containing the nerve

' /

roots ?d spinal netyé by gsilicone grease barriers. This
procedure allow/:l/the ganglia to be incubated in a very small

volume, thus economizing on the amount of Lsotope required.
o /

/'Ijhe ‘ganglia were .then incubated in 400 p1’ of “"normal” medium
xgﬁtainiug L—(5,6-3H)—fucose (New England Nuclear Corp., Boston,
Ma., Spec. Act,. 60 Ci/mmol) at'room temperature for “varying time

periods. The incubation time periods investigated as welhl the
amount of radiocactivity per time beriod :;n be s'umma;izéd,as
follows: - . "
o =~ 5 min with 1600 pCt -

- 15 min with 1600 pCi
= 30 min with 800 pCi -
1 hr with 800 uCi < *
' ) 1 hr with 800 nCi + lmr posl:-incubation *

- 1 hr with 400 pCi + 17 hrs post~1ncubation *

2

o

*n .



* Post-incubation was chrie@ out in unlabelled normal med jum.

>

2) .gﬂ-Galactose and EH-N—Acetylmannoaanine

\ ' -

In experimental qunditions 1dent1cal to those in the

—_—

rad;olabelled fucose experiments, frog dorsal ganglia were

igicubated for 1 hr with 1 aCi of 3H-galactose (60 Ci/mmol, New
‘. M

England Nucléar) or 4 hr with l.Sani 3ll"-N--acet:yluuamnosamine

-- (2800 mCi/umol; New England Nuclgar),}kpeci«ft&pfecursor for

.

-t
N

sialic acid. o

"After incubation with the' abov;e,radiolabelled sugars the
g»apg{ia preparations were fixed by immersion fixation in 2,5%
glutaraldehyc}e in 0.1 M sodium phosphate buffer (pH-7.4') at 4°C

for 2-3 hrs. The ganglia were’ then trimmed away from their roots

.and spigal nerve, and cut in half lengthwisé and prepared for

radioqut: ography. g

~
’

B. Experimeuts to Test for Non-Netabolic Binding of Exogenous
: %—Fucose to Nuclei of Frog Dorsal Root Ganglion Schwann
and Satellite Cells

1) Treatmegntof Ganglia with Cycloheximide before Incub‘ation‘

with ZH~Fucose

As a test to examine the possil;il"ity that the nuclear

reactions observed after administration of f,3H-.fucose .were as a

Y
result .of a non-metabolic binding of free radiolabelled fucose to

the nucleus, experiments using.the protein synthesis inhibitor
cycloheximide were carried out to exhaust the endogenous supply

of acceptor glycoprotein molecules; In these experiments, the

dorsal root génglia were first incubated in 400 pl normal medium

».

- containing 200 pg/ml cycloheximide for 8 hrs followed by alhr

incubation with bOth cycloheximide and 3H—fucose. The ganglia

.

-
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" from one side of the frog‘ served as the experimental tissues

whilé those on the other side were used as the corresponding

control tiaaues:(ie; incubated with 3K-fucose only).

"2) Incubatéo‘n of Thick Sections of Frog Dorsal Root Ganglia

with ~Fucose

v M 4

As a pegond test, | pm sections of —dorsal root ganglia
embedded in Lowicryl K4M were mounted on glass slides and incu-
bated with 100 pl of normal medium 4containing 200 |.|C§;j J4-fucose
for. 1 hr, The sections were then ste;ined with iron hematoxylin

and ‘processed for light microscope radicautographic studies.

C. In Vivo Exposure of Frog Tissue to 3H-Fucose

Young frogs of approximately 30 g were anesthetized with

ethyl ether. The thoracic cavity was opened and the heart

exposed. The frogs‘\were given an intracardiac injection of 1 mCi

3H-f(1cose in 6.15 ml saline. a'l‘he opening into the thorax was

" "?vthe‘n qutured and the animals allow;d to recover from the

anesthetic, Frogs were sacrificed at 30 min or 1 hr after

iitjection of the radiolabelled fucose. The dorsal root.gaqglia

,and other selected tissues were removed and immediately fixed by

~

v immersion in 1% glutaraldehyde- 4X formaldehyde fixative in 0.1 M

sodium cacgdylate buffer (pH 7.4) at 4°C for 2-3 hrs. Hard
tissues wvere decalcified in 4.13% disodium EDTA (Warshawsky “gnd

Moore, 1967) at 4°c.

D, In Vivo Exposure of Rat Tissue to zﬂ-Galactose

Young Sherman rats of'apbrdximately 40 g were anesthetized

with ethyl ether, and the extgrnal jugular vein exposed. The
' ’ y P
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rats vere given an intrajugular injection of 2.5 - 5.0 mCi of 3u-

'~ga1acto§e (4 €Ci1/mmol, New England Nucléa’r). Animals were

perfused intracardially at 15 min, 1 hr, and 5 hr with a 2,52
glutaraldehyde fixative in 0.1 M sodium phosphate buffer pH 7.4 at
reom temperature for 10- min. Pieces of duodenum and other,
ae1>ect:ed tissues were removed and further fixed in the same

fixative for an additional 2 hrs at 49¢,’

E. Processing of Tissues for R‘adionuto&raphy ) |

All tissues were ﬁost-iixeq either :I:n 1% osmium tetroxide or

T 19

1Z potassium ferrocyanide-reduced ospium tetroxide, dehydrated in

ascending grades of ethyl alcchol, ,cleared'in propylene oxide,
and embedded in Epon' or JEMBED 812 (J.B. ﬁH Services, Montreal).

For light microscope (LM) radioautographic studies, sections
1 pm in thickness were cut and mounted on glass slides. The

sections were stained with iron hematoxylin, coated with Kodak

then developed with Kodak DI70 developer.

For electron microscope (EM) ‘radioautographic studiés, thin
sections with a straw interference color were cut using a diamond
knife and mounted on colloidin-covered slid;:_s. The sglides were
then carbon coated, coated with Ilford L4 emulsion, and exposed
in darkness'for various time periods. ﬁeveiopment was carried
out with either Kodak D19b (filamentous grains) or ,by the
solution physical fine grain d‘evelo;;‘ment p;ocedure (Kopriwa
1975)," After developmeht, areas of Eo]tloidin containing sections

were transferred to copper grids. The colloidin coat was removed

by immersion of the grids in glacial acetic acid, and the

N
2 . i

-

NTB2 emulsion, exposed in darkness for various time periods and
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qections were finally stained with aqueous uranyl acetate and
lead citrate. Grids were examined with a Seimans 1 or Phillips

*

301 electron microscope and EM radioautographs taken,

F. Analysis of EM Radioautographs

© EM radioautographs of frog dorsal root ganglia preparations
‘'vere examined for the presence of reaction over the nuclei of

Schwann and satellfte cells. Prints of labelled nuclei were

, analyged using a MOP 3 apparatus (Carl Zeiss Inc.) to determine

' the distance from the centre of each grain to the nearest portion
of the l’mclearenvelope ‘at the various time periods after
admi;listr;\tion of radiolabelled percursor. In radioautograpim’
developed by the solution physical fine grainm procedure, each
silver particle was considered as a separate grain. At least 350

grains were measuréd from electron micrographs for each time

interval. From this d.at:a, the mean half-distance of the grains

from the nuclear envelope was calculated according to the method

of Kopriwa et al (1984),

™
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Lectin Cytocheaistry . .,

A, Tissue pparation

&

Dorsal root ganglia preparations were ' dissected out of .

adult bullfrogs as described as described above. The ganglia
vere initiallyifixed in 0.5% glutar’aldehyde ‘1n 0.1 M gsodium
phosphate buffer pH (7.4) at 4°C for 15 min, and then transferred
to 4% formaldehyde (depolymerized from paraformaldehyde) in O.1 M
sodium phosphate buffer (pH 7.4) at 4°C for 20 min. Finally, the
ganglia were put into 4% formaldehyde in the same buffer but at
pH 9.0 for 3 hours. This fixation method (Eldrid et al, 1983),
modified by Grant et al (1985) was found to give adequate tissue
morphology while retaining antigenicity. After several rinses in
a 0.15 M washing buffer (pH 7.4), the material was treated with

0.5 M NH,Cl in phosphate buffered saline (PBS) at room
temperature for .1 hr tout;lock \free aldehyde grou'ps (R(;th et al,
1983). ' | T

Rat duodenal tissue from 80 g animals Qas fixedj,by
intracardiac perfusion with 0.5% glutaraldehyde in 0.1 M sodiunm
phosphate buffer (pH 7.4) at room temperature for 10 min,
followed by immersion fixation 1in 42 formalde_l-;ydé in the same
buffer first at pH 7.4 (20 min) and then at pH 9.0 (3 hrs) at 4°C
(Eldrid et al, 1983). As with the ganglia, the tissue was washed
and treated with 6.5 M NH,C1 in PBS.

Post-fixation of the tissue in osmium tetroxide was omitted
due to the reported deleterous effect on antigenicity (Bendayan

and Zollinger, 1983)., Osmium tetroxide also inhibits the UV~

induced polymerization of the chosen embedding medium, the low
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temperature methacrylate resin Lowicryl K4M (Chemische: Werke
Lowi, Lowicryl Information Manual). . After fixation, all tissues -

were dehydrated in asceﬁding grades of methanol, as follows

(Grant et‘al, 1985): .

30X Methanol 5 min at 4°C -

502 Méthanol - 10 min at -10°C ‘ ’
75% Methanol - 10 min at -20°C

90X Methanol -~ 15 min (x2) at -20°C

For the infiltration steps which followed, the bottles of
-tissue were constantly agitated on a rotator placed in the

freezer beforehand. Tissues were infiltrated as follows:

1:1 Lowifcryl:Methanol — 1 hr at -20°C
2:1 Lowicryl:Methanot — 1 hr at -20°¢
1062 Lowicryl (x2) ©° = 1 hr at -20°C
Beem capsules (#JBS-301-1), filled with lowicryl and pre~
cooled to -20°C, were used for embedding. The tissues were ' L w
dropped into the capsules, which were then sealed and plac;ad in a
clear rack 20-30 cm from a UV-source. Polymerization was done-at
-20°C  for 2-3 days. Rotation of the block rack 180° was

necesgary to ensure even polymerization (Grant et al, 1985).

B. Preparation of Lectin-Colloidal Gold and Gal-BSA-Gold Complexes

1) Preparation of Colloidal Gold

Colloidal gold (10-14 nii particle size) sz}_'_prepared by the
*method of Frens (1973) as modified by Grant etx al (1985).. A
0.01% (v/v) x;;;loroauric acid solution, obtained by ad:'ling 0.5 ml
of a 2% chloroauric acid (BDH Chemicals, Montreal) to 100 ml of
doubly distilled deionized water (DDH,0), was heated to a .

rapid boil in a thoroughly cleaned 300 ml érlenmeyer flask while

- .- »
'

[RY
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vigorously stirred with a magnetic stir bar. Just afteri' boiling
conmenced, 4 ml of 1% sodium citrate dihydride (Sigma Chemical
(;o-) was added dropwise. The mixture iamediately took on a deep
violet colo\r and boiling was continued until a wine-red color was
achieved (a'\bout 5 minutes). When this stage was reached the
flask waé \Id.mmed:lately plunged into an icebath to halt ~l:h’e

reaction and ‘yield uniform spherical particles 10-14 nm in size.

. Upon cooling, a test sample of 10 ml of the colloidal gold

preparation was measured into a small polystyrene beakeyt. -A (5.1
M K,C03 solution was used to bring the ph’ of the sample to a
apecifi‘ed‘p!‘i depending on the macromolecule that‘was to be
conjugated to the gold sol. To protect the pH electrode

(Horisberger et al, 1981), ! ml of 1Z polyethylene glycol (PEG)

MW 20,000 (Sigma Chemical Co.) was first added to the test sample

before the pH was determined. The amount of KoC04 needed to give
the destred pH was noted and subsequently addéd direccly to

experimental 10 ml preparations.

¥

2) zx_n:hesis of the Galactose-Terminated ‘Bovine Serum Albumin '

eoglycoprotein {Gal-BSA)

The neoglycoprotein referred to as Gal-BSA was synthesized

using the method of Wilson (1983) as modified by Kay et al

'(198&).- This synthesis coupled lactose (a disaccharide of

glucose-galactose residues) to bovine serum albumin (BSA) via t}(g
élucose moiety giving rise to a neoglycoprotein with terminal
galactose residues. Briefly, 0.8 g lacFose hydrate (Sigma
Chemical Co;) wag added to 0,2 g BSA (Fraction V,;Bigma Chemical

Co.) in 20 ml of a 0.2 M potassium phosphate buffer (pH 9.0). The
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coupling agent was 0.5 g ao’diun cydnobo.tohydl_.-i'de (Sigia Chemical
¢ Co.').l Onc;e thea three reagents were gently but thoroughly mixed,
the solution was incubated for 7; hrs atg37°C with occasional
”ag‘itation. * The incubation was followed by dialysis against 4
changes (100 volumes) of DDH,0 tc; remove excess lactose and |
sodium rcy;noborohydride. Success of the coupling and purity ofl
the preparation were assessed by gel electrophoreses run aéainat
-4 BSA sta:udard. The coupling was judged qﬁite complete and the
purity l}\igh enough that no further purification was necessary.

The Gal-BSA glycoprotein solution was then aliquoted and@ frozen

until immediately before use.

3 o

"3) Lectin or Gal-BSA Neoglycoprotein Conjugation to Colloidal’
» Gold , ‘

i

. Lotus tetragonolobus agglutinin (LTA), Ulex europaeus I

agglutinin (UEA I) and Ricinis communis I (RCA I) were purchased
essentially salt-free from Sigma Chemical ACo. The lectins “vere
dissolved in DDH,0 sterile—filtered through a 0.2? ug millipore
filter. Aliquots were then frozen until immediately before use
a‘t which time, they were microfuged to remove microaggregates.
The pH of 10 ml of colloidal gold sol (10-14 nm particle
size) was adjusted to 6.3 for conjugation to LTA and liEA I
lectins (Roth et al, 1983) while for the Gal-BSA gl;copto;ein ic
was adjusted to 6,0 (Géoghegan and Ackerman, 1977). The gold
preparation was added to 0.2 ml of the macromolecules, each
. slightly in excess in. concentration of tha't needed to »stabilizé
the gold (ie. 15(; ng LTA, 250 ng UEA I and 250 pg Gal—-BSA) as
determined by microtitre assay (Geoghegan and Ackerman, 1977).

o™
The solutions were mixed for 10 minutes and allowed to let stand

i
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for another two minutes on ice..: Then, 0.2 ml of 1Z PEG was ;idded '
to further stabilize the colloidal gold. The lectin-gold or
glycoprotein-gold vere then centtifuged'for 30 minutes at 60,000
X g at 10°(}. The clear supernatant was carefu}ly pipetted off and
discatded'leavi'ng a red qlu;r_}' at the bottom‘of the centrifuge
t\iﬁe. This ,;lurry was recovered with a second pipette taking
care not to include the small black pellet. (\mbounAd 'g.o.ld

particles) on one side of the centrifuge tubeX Tl{e'conjugated

' material was then resuspended in 3 m1l of 0,02 M Tris buffered

‘saline (TBS) contai'ning 0.02% PEG. and then sterile-filtered
through a 0.22 pg millipore filter treated with 0.5 mg/ml BSA in

the same TBS sdlution used to tesusbend the slurry.

¢

C. Cytochemical Labelling of Thin Sections

Thin sections of frog dorsal root ganglia or rat duodenunm

(gold or straw interference color) were cut on glass knives and

o " collected on formvar-covered nickel grids. All incubations were
! . done at room temperature and consisted of transferring the ‘grida
section-side down from dro? to drop of various sﬁplutio_iw“
depending on which labelling technique ‘(ditect or indirect) was
used. For all assays two buffer solutions were repeatedly used.’
The first (Buffer A) consisted of 1% BSA and 0.2% PEG in 0.02 M
TBS at pH 7.4, The second (Buffer B) was Buffer A without the 1%

v

“~ BSA.

v

1) Direct Labéilgg_ (One Step)

* ' ‘ . The grids were placed on 25 pl ‘drops of the following

solutiong:

4
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: e
1) Buffer A ’ ( . - (10 min)
2) ].ectin—gold (50 pg/ml in Buffer B) (60 wmin)
3) Buffer A T (10 min)
4) Buffer B a | ( 5 min)
5) Buffer B e ( 5 min)

i
~
s

After step 3, grids were rinsed with Buffer A from a squirt
bottle before step 4 After step 4 grids were rinsed with Buffer

B before step° 5. Following step 5, grids were rinsed with DﬁHZO

and allowed to air dry. . o N

s k)
2) Indirect Labelling (Two Step)
The grids‘ were transferred sequentially from drop to drop of

the following solutions:

~

1) Buffer A . - ‘(10 min)
2) Native 'RCA I lectin (100 pg/ml in DDH,0) (30 min)
3) Buffer A . . . ( 5 min)
4) Gal-BSA-gold marker (25 pg/ml in Buffer B) . (60 min)
5) Buffer A S e (10 nin)
* 6) Buffer B '. : . I O min)
7) Buffer B o . (s min)

After step 5 grids were rinsed w:llzﬁh Buffer A froma squirt
bottle before step 6. After step 6 grids were rinsed with Buffei'
B from a squirt“:‘ "l')ottIe before step 7. After step 7 ‘grids 'were

rinsed with DDHZO and allowed to air dry.

3) Controls for Labelling Specifity

Thin sections of a tissue known to'containilectin:binding

¢

¢

nwo

-
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prote:lna'éor the lectins used in this‘sﬁﬁdy, were incubated
alongside sections of experinentﬁl tissue ax;d checked for gold
particle‘labelling. In Ithis vay we were able to test the ability
of our probes to label fucose or galactose residues. The tissue
used for ghi's purpo‘se was rat.di:odenun. The ‘glycocalyx of the
crypt and ‘villgs columnar cells, as well as the nmuc:ln of goblet
cells are known to-contain glycoproteins with residues of th.ese
l;wo sugars and will bind these lectins. -
Expet;iméntal controls con';isted o“f" baddit:ion of 0.5 M of the
appropriate inhibiting sugar (L-fucose or D-galactose) to the
lec(tin-gold or Gal-BSA-~gold preparations bef;).te incubation of the
gsections. A* futth‘er control was done for the galactose-labelling
experiments by omitting the native lectin, step and only using the

Gal-BSA;gold. In this way we could also check for endogenous

galactose~binding molecules in the nucleus.

D, Electron Microscopy

AN

o i & .
~ After incubation, all grids were stained with aqueous
uranyl acetate ‘for 10 min and lead citrate for 2 min. Gridé were
examined with a Seimanns 1 or Phillips 301‘ electron microscope

»

and “micrographs taken.

"R, Analysis of EM Micrographs

. .
EM micrographs of lectin labelling experiments were analyze‘d_.

with the MOP 3 apparatus to determine if there was specific

A~

lectin binding to nuclei. Counts of gold p:;:rt:icles/mn2 were done

v

for eughromatin; heterochromatin and, where applica‘bl‘b, ‘nucleoldi

1

from both experimental. and control preparations and compared.

- -
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Results” . ,

<

I. Radiosutographic Studies

>

A. Appearance of Label in Nuclei of Schwann and Satellite Cells °

in Frog Dorsal Root Ganglia after Exposure to Radiolabelled
Sugp_rs .

1) Morphological Description of Dorsal Root Ganglion
Cells

-

In the light microscope(LM) (Fig. 1), one can see that in
the peripheral region' of the ganglion, there 18 a coqcent:ratioe
of neuron  cell bodies. Attached to the periphery of these
neurons are glial cells referred to as satellite celis. Only the
nuclei ca%) be seen at this magnification in these highly
attenugted cellg. More centrally in the ganglion, there is a

‘concentration of both myelinated and unmyelinated axons.
Associeted with these structures aee\ t._!le Schwan;; cells, another

type of glial cell which are similar but not identical to the

gsatellite celld. The nuclei of these cells, 1ike those of the

satellite cells, ‘are 1its :iost prominent feature due to a/

.
<

generany flattened' cell shape. .
}(M‘

At the-ultrastrictural level, the nuclel of the Schwann

K

cells are observed to- lie close to the fnyelin sheath of the'
axons. In both Schwann and satellite cells, the nuclei tend to be
elongeted with some indentations, though the satellite cell'
nucleus iso usual-l)y more irrehgular (Figs. 10,1"2) than that of the

' Schwann cell (Figs.‘9,11). The chromatin patterns obsgerved i::-
_=~+the nucleus are similar in both cell types. A band of condensed

chromatin (heterochromatin) of variable thickness is usually

found just inside the nuclear envelope (Figs. S,6,15,1§). More

+

{



interiorly the nuclei contain areas of condensed chromatin,
similar to that f.ound pe.riphsrally, intet:spersed amOt;g finely
stippl‘ed regions. of nucleoplasm which contain the dispersed
chromatin (euchromaiin)‘. A nucleolus is soueé:émes, but not

L
always, visible (Pigs. 9,10,14,15). .

In dorsal root gat;glia incubated for 1-8 hours, thé Schwamn
cell (Figs. 21 an;i 22) and satellite cell nuclei occasioﬁally
exhibit areas where the perinuclear space between the outer and
inner nuclear membranes becomes greatly' enlarged. At these
‘places, the outer nuclear membrane remains covered by ribosomes.
The lumen maintains its continuity with the re.mainder of the

L]

perinuclear space. . .

In some profiles of Schwann cells, very litﬁtoplasm is

included (Fig. 9) but in others (Figsf 6-;8) an appreciable amount

of cytoplasm can be seen. The Golgl apparatus can usually be

distinguished but the inherent densfty of the cytoplasm ofsen

makes it difficult to identify other cytoplasmic organelles
v

cﬂgrly. In satellite cells, the cytoplasmic organelles are

‘generally ‘easier to visualize (Figs. 14,16). Numerous invagin- -

I

ations of the plasma membrane (Figs. 10,12,14) are also a
prominent feature of satellite cells.

In both Schwann and satellite cells, parallel arrays of
-

typical rER consisting of flattened rbibosome-stuc’lded cisternae’

can be observed (Figs. 13,14). In some satel]:ite cells, however,
enlarged spherical profiles of rER.filled with a homogeneous
material, can als; be seen (Figs 10,14), Similar cyt;plasmic
profilei appear 1\;\both Schwann cell (Fig. 21 and 22) .and

satellite cell nuclei after an 18 hour incubation which resemble

) . Ui 29
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the enlargeuent:s of the perinuclear space also seen in these'

3

particular cells (Pigs. 21-23).

.

\ 2) Radiogutographic Reactions Observed after E xposure
to :IB—Fucoae )

At* early time intervals after in vitro incubatioﬂ with 3H—

©

fucose, reaction was localized over the nuclei-of many Schwann

.
" -

and satellite cells., This vas first abserved in the light

.microscope (Figs. 2 and 2a) and later confit‘med at the

ultrastructural levels At 5 min after adminiatration of 3!1-
fucose, silver grains were distributed over both peripheral ‘and

interior regions of nuclei (Figs. 3 and 4). Satellite cell

nuclei (Fig. 3) were genetally slightly less labelled than those'

4
of the Schwann cells (Fig. 4) at similar radioautographic

exposure times. In the cytoplasm of both cell types, label was
routinely observed in the Golgi apparatus (Fig. 3).
After in vitro incubations 15 and 30 minutes and 1 hour,

educlear reactions were similarly observed (Figs. 5~8,11,12), The

s

dsistribu't':iqn pattern of silver grains over both. central and

peripheral areas of the nucleus was similar to that observed at 5

. !
minutes.

~

* In in vivo studies, wheré¢ frogs were sgcrificed 30 minutes

and 1 hour after injection, nuclear reactions were alsgo observed

Y

in Schwann afnd satellite cells with a distribution of label

4

. _ w
closely resembling that observed in in vitro experiments at

corresponding time intervals (Figs 9,10,13,14),

After a 2 hour in vitro experiment (1 hour incubation with
; ‘

3H—fucose and 1 hour post-incubation in unlabelled medium), again

P
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the grain diatribu‘tion over the nucleus and the ‘cytoplasm
resembled that of earlier time 1nt¢;.rvals' (Figs 15,16). \

' On the other hand, at 18 hours (1 hour incubation wi‘thlaﬂ-
fucose with a 17 hour post-—incubat_ion) reaction was stili
l‘ocalized over the nucleus, but the silver grain distribution was

dramatically altered.- The grains were now mostly confined to the

periphery of the nucieus, close to the nuclear envelope (Figs.

17-20). Some label was still agsociated with the Golgi

‘apparatus, but a substantial reaction was obgerved to occur

'y
'

diffusely over the rest of the cytoplasm and the myelin. In

occasional cells, where the perinuclear spaces were expanded in

certain areas, a large number bf silver grains were localized

" over the perinuclear space itself (Figs 21-23).

[N

When measurements were mad? of the .di‘qtant:e between each
nucleopllasmic sllver grain and the nearest portion of the nuclear
'en'vel‘ope, and the mean half*distance calculated‘ (i.e. the

distance within which half the total grains were found), the

values shown in Table 1 were obtained. From this table it can be .

readily seen that the mean half-distances of the silver grains at
the early time intervals (ie. 5 min to 2 hrs) greatly exceed the

mean half-distance for grains from an artificlal tritium-

"labelled straight line source. This is found to be true

regardless of the type of silver grain measured (ie. filamentous
or fim; grain) At 18 hrs (1 hm7 post-incubation), however,
the calculated mean half-distance for the silver grains is lelss
than that from the same artificial critium-labelle-d line source.
This: is true for measurements with both filamet-ttou-s and fine

grain silver grains.

~

\
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. .graphic exposure times.
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3) Results of Experiments to Test for Non-Metabolic

nding of Exogenous Z“H-Fucose to Nuclei of Frog
Dorsal Root Gangl:lon Cells

In frog dorsal ‘root ganglia incubated for 8 hrs in“the
presence of cycloheximide‘bef'ore incubation in 3B—fucoee, there
was a mat:ked inhibition o:f reaction over hoth the Golgi apparatus
and the nucleus vhen compared to correspongiing" control sections.

Similarly, when 1 ;m thick sections of lovicryl-embedded‘
frog dorsal gahnglia or rat duodenum were ‘incubated for 1 hour
with 1 nei/ml 3H-fucose, there was no siénificant binding above
bacicground to the nuolzleilor any other structures in the Schw.ann

or satellite cells of the frog or coplumnar cells of the rat

_ duodenum. i ‘f

r§‘

. 3

4) Radiocautographic Reactions Observed over Nuclei of Frog

Dorsal Root Ganglia Schwann and Sateliite Cells afterr .

Aministration of Galactose and :ZH-N-Acetylmannosamine

In frog dorsal root ganglia {ncubated for 1 hr with~'3ﬂ-

galactose or 3H'-N—acet:y1manno‘sam1ne in identical in vitra

\

- conditions to those used in the l_n vitro 3H-fucoée"?experiments,

little or no appreciable nuclear reaction was observed over the

3

’ tiuclei of Schwann and satellite célle, even after lon'g radioa}xtor

B. Radiocautographic Reactions Observed oyer Duodenal
Epithelial Cells after Injection of —H-Galactose
into Young Rats T

A substant:ial radioautographic reaction was observed over
nuclef of duodenal epithelial cells of young rats sacrificed 15

min after an intravenous injection of 3ll-galact:ose. These cells

included the goblet cells, the villus colummar cells, and

i
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‘especially the crypt columnar cells (Figs 24-26). The grains

were 41stributéd evenly over both peripheral and internal regions

«
n

of . the nucleus with some grains over or near nuc‘:liébldr material.

In the cytoplfsm, the crypt columnar cells often exhibited a

small Golgi localized reaction (Fig, .25) while in the goblet and )

villus columnar cells tﬁe reaction was much more substantial

-

(Fig. 26).

'_ In. tissues l;akgr; from r;ts sacrifi_ced 1l hr after 1q3ection
of 3H-galactose, reaction again occurred over the nuclei of the:
above mentfoned cell types of the duodenum. In the villus célls,
however, the nu.cleat reaction was accompanied— by a particularly

‘heavy cytopla_sinic reaction (Fig. '27) in which some label remained

1localized to the Golgi apparatus and more was associated with the

-
-~

lateral and apical plasma membranes.

'Pi.n‘ally, in rats killed 5 hours after 3.H—ga!.actose

1ﬁjection, heavy reaction remained ove

[

thle nuclei of the

duodenal villus and crypt columnar cells (Fijgs. 29 gnd 33).” In

the nuclei of non-dividing crypt cells, ‘the silver grains

i

retained their distribution over both péfipheral and intet:x;al
re:gions, with son;e ‘appearing to be associated with nucieoli.
Reaction also 'appeareci over dividing cells. The nuclear envelope
when present was not significantly labelled (Fig 31), and most of
the silver grains appeare;l to be a'ssociate-d with the cqgggﬁéea.
c}u‘Omatin of forming chromosomes (Figs. 51 and 32).

Endothelial celis and fibroblasts of -the lamina pro;;ria a‘ls',o
occa‘sionally showed ;gucleat lat;e‘lli,ng at all time 1nte§f\vals

(Figs. 27 and 30).

¥
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I‘I.- Lectin Cytochemistry
A. Tissue Morphology

.-

Tissue sections of léwicryl-embedded material examined with
the eleggron microscope had a somewhat different appearance from
that of conventional Epon sections. Structures containing high
amounts of lipid 1ie. the myelin sheath of axons, or cellular
ln'efn_branes, were not well preserved due to the éeh)}dration
p,rocedui'e' which uses methanol. The nucleus was easily identified
in lowicryl sections (Figs. 36-39,42,43) but its “nuclear envelope

appeared as a thin halo-like space surrounding the nieleoplasm.

A band‘ of condengsed chromatin of variable thickness was obskrved
at the nuclear periphery just inside the nuclear epvelope.
Clumps of tl‘le same heterochro'matin were also observed more
internally 1nterspers;ad throughout the euchromatin regions.
These latter regions appeared as light;staining areas containing
a c_larker-staining'éispy mat:erial.‘ U;\like Epon—embedded material,
it was often difficult at times to make a clear distinction

between areas of heterochromatin and euchromatin in the more

internal regions of the nucleus, as the smaller clumps of

“heterochromatin seemed to blend in with the wispy material of the

.‘euchromatin areas. Nucleoli when present were seen as darkly

stéining,‘ roughly c¥rcular bodies which were reticulated ia some
éells but not in others. These structures were mucl) m‘pre’
‘tjequent:\l); observed in rat duoden31‘ columnar cells, ;;artly owing
to the fact that there weré noi: as easily/identifiablé in .

lowicryl sections of frog Schwann and satellite cells.

'."Q
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B.Results of Labelling Bxperinenta,vilthA Puc&se-Specific
Lectins .

1) Lectin—gold Specificity

‘

The glycocalyx of duodenal c;ypt and villus columhar cells

.

and the mucin of goblet cells, arecas knmown to contain

glycoproteins with fucose residues, were heavily labeled by both

the UEA I (Fig. 34) and LTA lectin-gold. The addition of 0.5 M

free L-fucose to the lectin-gold complexes as a control .was

i

l‘e'f’f‘ective in abolishing most of the UEA I (Fig. 35) as well as

the LTA labelltqg\indicating the specificity of our probes for.

fucose residues.

' 2) Labelling of Frog Dorsal Root Ganglia Schwann and
Satellite Cell Nuclei .

In %rog dorsal root Schwann and satellite cells, a definite

” ) o
specific labelling of nuclei was observed using preparations’ of
UEA I lectin-gold (Figs 38 and 39). Gold particles were found to
be associated with both the nucleoplasm and to a less'er .ext:enf,
the nuclear envelope (Fig 38). Within the nucleoplasm, the
euchromatin in experimental preparations had an average of 91
'particles/pmz whi'le the heterochromatin had 66 particle /;xm2 (Bar
Graph 1), The addition of'O.S M free L-fucose to the lj‘cgn—gold

was able to inhibit 52% of the euchromatin labelling meaning at

‘least half of the labelling was specific. Heterochromatin

labelling decreased by 63X indicating almost two-thirds of the
labelling was specific (Fig 39). When the amount of specific
labelling was assessed for each type of chromatin by subtracting
control oxl' nongpecific labelling frou; total labelling, it was

revealed that the euchromatin and heterochromatin specifically

' ) -
i}
’
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bound UEA I lectin almost to the same extent with binding to
euchromatin only slightly higher. A much smaller amount of
specific binding to the nucleus was observed when LTA lectin—gold

wag used in place of UEA I. ,

N

3) Labelling of Rat Duodenal Columnar Cell Nuclei

The nuclei of ducdenal epithelial c'olumnar cells were also
found to be speci;iically labelled by UEA I lectin-goid (Figs. 36
'and 37). Label was assoclated with the nucleoplasm, the
r:ucleolus, and to a lesser extent, the nuclear envelope (Fig 36).
Within the nuc{leoplasm, the euchromatin and heterochwromatdh.n aga%;n
showed nearly equal levels of specific lectin binding. Lectin;
gold particle ;:ounts showed an average of 115 p‘eu'ti.cles/pm2 for
euchromatin which was inhibited by 832 in controls and 105
[iarlticles/pmz for the h'eterochromatin whict’l was Lnhibited by 88% -
in controls (Bar Graph 2). Nucleé'-li averaged about 132
particles/umz in experimental preparations which decreased by 91%
ip control prepardtions. JAgain, some specific labellir;g of the
t}-ucleus wés obser\;ed with LTA lectin-gold but :mu'ch Iéss than tha‘c
seen with UEA I, \ ' .

C. Results of Labelling Experiments with the Galactose-Specific
Lectin ' :

3

- - 1) Lectin-glycoprotein-gold Specificity

The glycocalyx of duodenal crypt and villus columnar cells

and the mucin of goblet cells, areas also known to contain glyco-

~ proteins with galactose residues, exhibited heavy labelling

when inéubated with native RCA I lfollowed by Gal-BSA-gold (Fig

40). The addition of 0.5 M free D—galactose to the native: lectiw

’
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specifically labelled by the RCA I probe (Figs 42 and 43)., As

o

as a control was effective in abolishing most of theiabellihg

which demonstrated the specificity of our probe for galactose

) residues. : . .

-
1_"
P

2) Labelling of Rat Duodenal Columnar Cell Nuclei  ° -

Rat duodenal columnar cell nuclei were found to be

-

with UEA I, t;he .labelling was localized to the nucleoplasm, the

nucleolus, and to a smaller extent, the nuclear envelope., In

contrast to tﬁe UEA I findings, however, the euchromatin was much

more labelled than the.heterochromatin. The euchromatin averaged

105 part:iéles/pm2 with a 77% inhibition observed in controls

while the heterochromatin had only 66 patt:icles/pm2 with a 58 %

inhibition in controls (Bar Graph 3)., Nucleolt averi‘aged 121
par:t:icles/pm2 which decreased by 73%Z in control samples.

When the incubation step with the native RCA I was omitted

*

’and sections were incubated only with ;he Gal-BSA-gold complex

the ruclear binding was practically nil. s
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Discussion

~ 5

1. Radiosutographic Studies

A. Reactions Observed over Frog Schwann and Satellite Cell
Nuclei after “H-fucose Administration

1) Nature of Labelled Molecules

A number of biochemical studies have shown that administered
%H—fucose gserves asg. an highly specific precursor for fucoée R
residues. of glycoprotein and glycopipid molecules, sin;:e after
administration.of labelled fucose there is no appreciable
conversion to other sugars or breakdown to metabolites; instead
the sole fate of the injected label is to be either excreted

unalteied from the body or incorporated as fucose residues into

newly synthesized glycoproteins (Coffey et al, 1964; Bekesi and

Winzler, 1967; Kaufmann and Ginsberg, 1968; Herscovies, 1970;
Schachter and Rodin, 1973; Atkinson 1975) or to a lesser extent
into glycolipids (Bosmann and Martin, 1969).

Ini rats and mice, Gould (1977) found that after 3H-fucose
was adminisgtered locally to the sciatic nerve, label was taken up
by Schwa;\n cells. The lafel was at‘fir;c localized to the Golgi
apparatus but later migrated mainly into the myelin sheath.
Biochemical analysis showed that most of the label was associated‘

with a myelin glycoprotein, and all the label remaine;l in fucose

residues., At one day after administration of 3H-fucoae, Gould

" noted the presence of some label agsociated with the nuclear

envelope "hut at no time were gilver grains found within the

Schwann cell nucleus”. The present work confirms the fact that

rat Schwann cell nuclei do not appear to become significantly

.

£
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labelled affer'administratién of 34-fucose.

~  In the present work, all of the frog échwaun or satellite
cells\'eihibiting nuclear reactions also showed a Golgi reactiomn
at short time intervals after exposure :‘; 3H-fucose. Thus,
unless the same cell type can metabglize 3ll--fucoase differently in
different cell c‘ompart'me-ntsl, it appearé highly likely that the
nuclear labelling represents 3H—fucosé labelled glycoproteins.
It was conceivable, héwever, that the radiolabelled fucose
appearing in nuclei had not been metabolically incorporated and
was simply bound to some nuclear component such as an endogenous
lectin~like substance. Some evidence for the presence of lectins
in nuclei has been reported by Sevaljevic et al (1977) an;i Seve
;t al (.1‘985). The results of e'xperiments addressing this

.

question from the présent work indicate, however, that non-

s

metaboli¢ binding does not account for the nuclear labelling.
For example, when sections of Lowicryl KéM-embedded dorsal rootl
ganglion tissue were exposed to 3H-fucose iabel' and then

processed for radiocautography, no nuclear labelling (above

i

backgro:md) of Sehwann or satellite cells was Yserved, even

after long exposure times. Similarly, when.cycl heximide was
- . ¢ . 4
administered to the dorsal root ganglion for several hours in

order to inhibit protein synthesis and exhaust the cellular

9 ,
supply of newly synthesized glycoproteins available for

fucosylation, and followed by exposute of the ganglia t;o 35-
fucose for | hr, it was found that reaction over the cytoplasm

>

and over the nucleus was equally inhibited. ,

A third arguin'ent that the 3B-fucose label associated with

" Schwann and satellite cell nuclei in the present study represents

. 7%

-5
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label 1hcorporated into glycqproteins comes from the fact that
the pattern of labelling was observed to change with after time

3H-fucose administration. Thus when the ganglia were exposed to

34-fucose for short periods, ie. 5 min to 1 hr, the label was

40

distributed throughout the nuclei, whereas in ganglia exposed to

3-fucose for I hour and .then incubated in unlabelled medium for
17 hrs, most of the sit'].‘ver grains were distributed over tt‘\e
[:;etiphery of the nuclei. The above change in di'strihu‘tioln of
label’ over the nucleus with time, after initial 34-fucose
exposure is inconsistent with the concept that *the reaction
simply represents label bound.to the nucletl sipce such binding

sites cquld not be expected to change their posoition relative to

the time that the 3H—fuco§e was administered.

Finally, as discussed below, the .dlectin binding expei'iments
of the present studies provide independent evidence for the
presence of fucose COnt;_ining glycoproteins in freg Schwann and
satellite cell nuclei. It thus appears that thé& nuclear label
observed in the present study represents label met;bolically

AN i
incorporated into nuclear glycoproteins.

2) Distribution of Nuclear Label

At all time intervals up to 2 hours after initial exposure

‘to 3H-fucoae 1al§,e_1, those Schwann and satellite cells which

exhibited nuclear reactions had the silver grains localized over

both peripheral and 'intermal reﬁions of the nucleus. Since the

’ resolution “of the radioautographic process, even using fine"gra:ln

, . PR —

development at the electron microscope level, is not sixf'ficiently

precise that one can assign the source of a gilver grain to a
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site immediately beneath ié, it was concei‘vébl‘e‘ that the
inf:ernally located grains‘ were' derived from label re_aiding at
the n;xclear periphery, ie. perhaps within the nuclear et;vealop'e.’
To test this possibility, t_:he distribution of 'all grains
bccurring' over the nucleus (in terms of their di's~t:ance~ from the
nearest portion of the nuclear envelope) was compared with the
distribution “observéd when an ‘artificial tritium-labelled
straight li.-ne.,sc')urce was used under identical circumstances in
the same labgrato_ry (Kopriwa; et' al, 1984). In the present s'mdy,
the nuclear t'mveg.op,e consti{:u’t-es an irregular oval or circular '
line source rather than a straight line; a thec;retical source of

such geometry should givearilse ;:o a‘gx:ain disi:ribution (on the

inside of the circle) with a slightly greater half-distance than

;:hst of a straight line (§alpeter et al, 1969). Noﬁetheless, the

i -

\calcula-ced ean half-distance at early time intervals after

initial exposure folaﬂ—fucoae was far in excess of the half-

o

distance expected if all of the silver grains had originated from

label in the nuclear envelope (Table 1). "These results imply

/ .
\that at least some of the nucleat label observed at these time’

intervals represents glycoproteins located within the nucleoplasm

itself, while the remainder ‘of the label could represent

v
-

glycoprb‘tei_ns within the nucleér envellope.g\ .
The same problem with resolution occurs within®the nucleus

when one "attempcs to assgsign silver grains ‘ to dispersed

"chromatin, condensed chromatin, or nucleolar material, and is

compounded by difficulty in consistently ide;ltifyir:*g the exact
limits of these components. The peripherally loca\te‘d g;afns (1f.
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scored to the structure directly beneath their centre) would

’ mostly' be 'assigned to condensed chromatin since this forms“an

-

almost c”onntinuOus lining for-the nuclear envelope. Within the

interior regions, however, more grains lay directly over

' dispersed chromatin than over the condensed type. At later time

/
-

intetyals after initial exposure to 3H—fucose, the
radiocautographic reaction over fSchwann and satellite cell nuclel
was more localized to the nuclear periphery. Th:xs, the mean
half~distance .of the grains to the nearest portion'of thé nuclear

/ s
envelope";as equal to or less than that expected if the greins

had originated from label in the envelope (Tabl; 1). ‘ It. should
be noted that localization of reaction to the nuclear per:.iphety
does not necessarily imply :hat the label resides in the nuclear
envelope 1t:seqlf.' Grai;ls occurring over the nuclear periph‘ety
could also represent labelled molecules in the peripheral nucleo-
plasm or even nearby cytoplasm. In a few cells observed at t;;e
18 hr time interval, hc;wever, the perinuclear space had become
gregatly enlarged in areas, and here reaction was clearly

localized over the perinuclear space anq/or the inner and outer

nuclear membranes (Figs. 21,22),

- ~

Tl':e” reason for the changeuin distribution of the label with
time after exposure to 3H--fucose is not ,cleat. Therle cou}d be a
migratifon of labelled nucleop}asuiic glycoproteins from centxlal
r;gions o the periphery due to some physiological event or
pathologcica,I event (ie. margination of the chromatin) after. 18
hrs of Ll_n_v_i_t__r_é conditions; The margination effect seems
unlikely as most of the cells at 18 hrg show no apparent signs of

-« ! '

physiological distress.

\ .

At
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Alternatively, there ;:ould _be two completely.separate
reactions occurring: one in the central nucleopiaam and one in
the nuclear envelope or peripheral nucleoplasm. By 18 hrs the
central nucleoplasmic reaction would have disappeared possibly
due to rapid turnover (;f the glycoi)voteins wgile reaction over
the nuclear envelape or peripheral nucleoplasm remains prominent,.

-

reflecting a slower turnover. ,

* B, Lgbelling of _llg_g_'Duodeﬁal Cell Nuclei after Injection of
%—Galnctose -

1) Nature of Labelled Material

‘Galactose, like fucose, 18 a terminal sugat of glycoprotein
(and glycolipid) side chaing, and it is added to newly
synthesized glycoprot:eina in the Golgi apparacus in a great
variety of cell types (reviewed by Benmett, 1984), including rat

‘duodenal columnar cells (Bennett, 19%0). However, since injected

.t

3H—gala::t:oae is not; as specific a precursor for galactose
residues- of glycbproteina as is 3H—_fucose for ]fucose residues,
, somewhat fewer conclix.sions can b\e:q;a"'vn as to the nature of the
nuclear" labelling in the presenc?s'tudy'. Herscovics (1969)

" ghowed, ‘ for example, that a significant proportion o6f the label
- ﬁ' >

r

of aduj:nistgré‘d “C—galactose became. 1nco£'porated into mannose

residues of newly synthesizid thyroglobulin. Galactose may also

be utilized in the biosynthesis of glycogen, which is known to
\ ‘

sometimes exist in the nucleoplash. Noxixetheles‘s‘, tre.&:tmeut of

° Y T 0

sections with amylase did not vaffecc the reaction obsetved after

3H-galactose adminiatration (Bennett, unpubllshed), .Lndicating '
P
that ‘the label is not in glycogen, Similarly, the specific,

?
i3

Yo
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pinding of Ricinus communis agglutinin I (RCA I) to the

nucl,eoglasu and nuclear envelope (discussed below) has provided

independent evidence for galactose-containing glycoconjugates at -

1

2) Distribution of Nuclear Label

At all time intervals after injection of 3H-ga].actose. most

-

" of \the epithelial columnar cells of the crypt and v'illus'of rat '

duodenum exhibited n‘uelear reactions. Occasional goblet cell,
fibroblast and endothelial cell nuclei were alao labelled. The
gllver grains were disttibul:ed over both the periphery and the

interunal regions of the nuclei. As discussed above, the presence

‘,of‘~many grains over internal regions implies that at .leest some

'

of these arose from labelled molecules of the nucleonlasm. As in .
Schwann and satellite cells, the peripherally located grainsg

could represent lal?l in the band of condensed chromatin lining '

the nuclear envelope or the envelope itself and some grains may

ever be due to ctoesfire from nearby cytoplasmic sources. Within
N
the interior regione the great majority of the' grains were over/_..

dipersed chromatin. 1In celd.s undergoing mitosis, on t:he other

!

hand, the fragmented nuclear envelope (wheu present) was not "’
significantly labelled, and grainsA we.re ‘fo‘und ta be’aesociated

_with the condensed chromatin of forming chronoaomes. The
I
Il

frequency with which silyer gtains were found over or near

_ nucleoll, and/or; nucleolar-asscciatedl chromstin leads us to

believe that label resides in’ either or bbt"h of these nuclear

3

components as weil. o T o v
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II, Lectin gzgocneii cal Studies’
A, Hethodologz

" Lectins have become impottam: cytochenical tools co study

t:he localization of lecoconjugates because of their unique. .

Y

ability to recognize and bind apecific catbohydrate groups in a - -

reversible non—covalent nannet (Nicolson, 1974; Brown and Hunt,'

»
2 Ve

L§oth 1981;: SchreVel et al, 1983, Hot‘isberger, 4984).

A lectin ie usually considered to he specific towards a.

{ < o

spec;lfic monosaccaride(s) sor especially to cereain specific

1978,

s oligosacéarides containing that sugar. In fact, it ‘has been'

’ '

‘ shown that the affinity of a lectin (expressed in terms of a

binding cdﬁstant) for the Specific free eugar méy be several

magnitudes lower than for the glycoconjugate containing t.:xat

Bugar (Kornfeld et ‘al, 1975). Recent evidence (Debray et al, .

1981} also tndicates that che protein core of glycbpioteine also’

may play arole 1n lectin affinity. Thus, the true recognition

sites may be l:erm,inal and/or core sugars, depending on the

’ lect:ln. (Nicolspn, L974; Sharon a\nd Lis, 1975). Mor,'eoyel{,

:.;i.iffe'ren't lectins with the same monosaccaride specificity do not

oo recognize 1&ent1cal sugar sequences and linkages on any ﬁiven'

, §lycan -and ,th’e:;'e'fore might bind with much different affinities. "

In addition to the above mentioned specificity, formation

en’d' dissociation of lectin-glycoconjuga'te‘ complexes also depends °

on v'ai'hiables such as pH, temperature, charge effects, hionié,
strengtﬁ, binding capacity and évi‘dity, effects as well (reviewed
by Hérisberger, 1984). . - '

The fucose-‘specific lectins used the present study, ie,

'
3

¥



Ulex europaeua I agglutinin (UEA I) and Lotus tetragonolobus

-_» - . aggl.utiniﬁ (L‘I‘A), both recognize teraminal non-reducing fucoae .

" residues; ‘they have .sone specificity for free L-fucolse,y which is .
added to 1ectin—gold preparations as a control, but ahon a mucﬁ-.‘
greater affinity for more complex glycans with penultimate

L o . L galactoae reeiduea (Periera et al, 1978; Debray et al, 1981). .

. ‘: The two lectins have different affinities, however; for various
oligoeaccaride conformationa containing these terminal sugars *
(Feriera et al, 1978) and therefore the amount of binding on a
aection might be. very different depending on tne‘types of fucose- '
containing oligosaccaridea present. : T .

+

The galaetoee-apecific lectin used in the present study, ie..

' ., Ricinis comuunia atglutinin (RCA I) basically recognizes terminal

galactose reaidues (Debray et, 1981) and free D-galactose is an: . a _4’

PO NG N

" efﬁec_tﬁve inhibitory sugar for this lectin in control -

. o o " preparaticns. | o

" Since lectins in'themselves are not 'eleetron dense, a means

-

‘
’

of viauali:zing their hinding to tissue sections is necessary. .

The - lecting ‘may thus be conjugated to particulate markers, such

7

as.colloidaI gold or ferritin,/ or to markers which can produce .

- ' . .

’ . electron dense precipitates such as peroxidase in the presence of

4

diaminobenzidine (DAB). 'On the other hand the lectina may be
R ' '_ ‘tadiolabelled ang Qetect‘ed by radioautbgraphy.

Y - Colloidal gold was choaen in tne present work to lvisualize .

=

o e lectin-binding sites over the other methods for a number of

' IS

; - reasons. Lectin-gold conjugates allow a.precisge localization of

3

{ RN lectin binding sites unlike lectin-peroxidaae conjugates which

4

are subject to diffusion of the reaction products (Horisbetger,

t . '
' 2t .
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1984), or radioautography which does not provide nearly as great

a resolution. They ha}ve several advantages over ferritin

-
a

cpnjuéates as well, in that lectin-ferritin conjugates produce

k

more non-specific labelling ‘on tissue sections and require
<. - purification steps unnecessary with colloidal gold conjugates

\—4 ‘ ’ .~ (Horisberger, 1981). .-

Both' direét“;md indirect labelling: procedures v;ere( used in
thes‘;e‘ experiments. The 1nﬂ£rect p‘toced'ure offers _so;ng advant;ges
over. the ~'dipect labe'zlling proc.edure. The ind:lrelct'system seeas

:t_:o show a higher, bindini; senéitivitx than the direct one

«..M‘J'(Teumick,-,?l‘975; Horigbergeir’, I981) and avoids the direct

1

p_roceduref";;i-bbl'em of contaminants such-as free lectin and/or .

»

],et_:giri-lectin complexes ,1ﬁ»the probé.wﬁich c?n rise td erroneous B

S

. . - < ¢ ‘ ' 2 '
: - binding results (Schrevel et al, 1983). The indirect method of

C~

f
[ SUR—
¢

\ : . .labelliqg rélies on the fz;ct éha; 1za:ctins 'hav'é multiple bipdinﬁ .
sites (re_viewed by Scl-lreval et al, 1983), Secgihc;ns-arg, first
labélled with“t:he/native lectin foll~owed ;;:y”a gly‘copn;tein
specific for r.h;at Iect'iﬁ‘coujugated to Acoll’oida\l g’old., For the
use of this method 1t" is .the\re'forev necegsary to have a’

' - glycoproteih available with the ‘prope_‘r spe'cifigity.

With the knowledge that terminal, galactose residues ’are the

most important binding determinan,t f?r RCA I lectin, finding a
glyco;rotein with high aspecificity for this lectin was relatively

@ easy. We chose to make(a.synthetic glycopr?tein usijng a modified

method of Wilson, 1979." Such a preparation gives a glycoprotein

\ . with up to 20 galactose residues on a single molecule of bovine

serum albumin.
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The unévailability of a'glycoprotein at the time of these

‘experiments with a high affinity for UEA 1 prevented the use of

the 'indirect technique 1n‘the preseﬁt work. Theréfqre, the
direct p?ocedure~using UEA I lectin-gold was used ;g label the
fucose residues of glycoconjugates. It has. ﬁeen shown that
lectins do not 1o§e their ability to bind sugars after Beiﬁg

conjugated to gold particlgs (Horisberger, 1984), and Eﬁe

sensitivity of our probe proved to be adequate as evidenced by

the ' high specifié labelliné of areas of tissue sections known to
contain. fucose residues. . ' ) .
The embedding medium for the tissues used in the lectin

cytoéhem{cal studies, thé low temperature resin Lowicryl K4M, was

‘chosen because of S}e‘findings of Roth (1983) that specific ,

labelling with lectin-gold on lowicryl-embedded sections of rat

‘liver was many times that found on conventional Epon sections.

-He also found ‘that rat liver hepatocyte nuclel were significantly

labelled wifh the lectin Con A on sectioas Bf this material. This;,

was the first time that nuclear labelling had been described in

v

mammalian cells using lectin cytochemisry.

"B. Labelling of Nuclei with UEA I Lectin-gold .

The specific labelling of the nuclear énvelope and nucleo-

plasm of frog Schwann and satellite cell nuclel with UEA I

.lectin-gold provides strong evidence for the existence of fucose-

containing glycoprotelns in these nuclear compartménts and, as
discussed above, provides additional evidénce.thac the radioautd™
graphic reaEEIoﬁidhgerved over the nuclel of these'cells after '

exposuré to 3H—fucose represents label metabolically iucoqporhtéd
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3

into nuclear glycoproteins. Labelling of the nuclear envelope

1nc1u&ed both the inner and outer membranous layers, as well as

a .

the perinuclear space between them, but on the whole the nuclear

envelope did not label heavily in comparison with the, .

nucleoplasm. In the nucleoplasm, the diffuse euchromatin and
condensed heterochromatin were specifically labelled with UEA I
almost to the same extent although binding to  euchromatin was

marginally higher. The euchromatin in experimental preparati'ons

was significantly more labelled than the heterochromatin in terms

‘of total patti’cles/pmz but the percentage of paréicles bound

specifically was higher for the heterochromatin as evidenced b};_

the fact that the competing specific sugar caused an 112 ﬁigﬁer‘

inhibition of\hetetochro‘macin-associated labelling than euchrn;

matim labelling. Thus, the difference in specific labelling was“

not as pronounced as the total labelling for the two types of
chromatin. l

-The specific labelling of rat duodenal columnar cell ngclei
wigh UEA I lectin-gold indicates these nucle;_i also contain’

glycoconjugates with fucose residues despite the lack of a

. radioautographic reaction with 3H-fucose. As in frog Schwann and

satellite cells, both the nuclear membrane and nucleoplasm were

1abelled§ in addition, however, there was a strong labelling of

the nucleolus as weil. This was not evident in nucleoll of the °

frog dorsal root ganglion cells but as mentioned earlier,

nuéleoli in these cells were not as frequently seen and/or

readily identifiable in lowicryl sections as those in rat
> A , . .

duodenal columnar cells., The pattern of chromatin labelling in

the nucleoplasm with UEA 1 resembled that of the Schwann and
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satellite cells as euchromatin and heterochromatin exhibited

nearly equal levels of specific biuding. The-~chromatin of

‘duodenal columnar cells o;} the whole, liowever, was found to

v

contain a higher number of specific binding sites/pmz thqti the
Schwann and satellite cell chromatin at equal labelling

concentrations of UEA I. The nucleoli of the duodenal columnar

cells, however, had an even higher density of specific binding

-

sites than the chromatin component.

'.l‘he nuclei of both tt.le frog and rat cells did notllabel :
nearly as much wit}; LTA. As meptioned earlier, the two lec.tins
dq hdve slightly different sp;zcificities and th‘is might , explain
the dliffering results.

The control or‘ nonspecific levels of-}ébel-ling _are\
ackno;iledged to ‘be higher than ideal 1in the labell\ing\'n?aults for
frog dorsal ‘root Schwann and satellite cells as evidénced ﬁy the
fact chat‘only partial inhibition of labeliing was achieved in
the presence of tht'? fnhibitory sugar. The reasons for this are

. .

not totally clear but in using 50 pg/ml UEA I lectin-=gold as a

standard for all 1al?elling\ experiments, we ;nay be over the
. >

optimal lectin binding. concentration for these cells. According

~ .

b
to Roth (1983), total labelling and background labelling increase

if this happens. When sections were incubated with lower
concentrations of lectin~gold in eariigr experiments in our
laboratory, they showed less nonspecific binding but the amount
of apecifié bounding was no greater than that seen using 50
pg/ml. This latter concentration was use;i as a standard because

lower concentrations were suboptimal.for the labell(ing of the rat
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duodenal columnar cell nuclei.

Another possible reason for the high background n‘xigﬁt be
that the lectin has a much higher affinity” for a nuclear
glycoprotein, than for the free inhibitory sugar and therefore the
sugar can not completely compete out all the lectin-gold binding
gites. These hilgh affinity glycoproteins might not be present in
the rat duodenal cells. It should also be noted t;he nucleus
itself g\lyays ‘seems to bind some gold particles no_n-specifically
as well, raising background labelling for all nuclear labelling -

experiments.

C. Labelling of Rat Duodenal Columnar Cell Nuclei with RCA 11_

The labelling pattern of rat duodenal columnar cell nuclei
with RCA I was in many ways similar to that seen with UEA I. The
game nuclear envelope components, ie. both memb;anea and
perinuclgar space ‘were specific:ally labelled although not ;15
heavily :i/s the 'nucleoplasm. Both the euchrowatin and
het‘erochromatin were gpecifically labelled by RCA I but in this

case, the euchromatin was much more so than the heterochromatin.

The nucleolus again showed the highest levels of specific lectin

labelling in the nucleus although in this case it was oaly

slightly higher than that of the euchromatin. Nucleolar binding

is not completely surprising because, as mentioned in the

Introduction, Bramwell et al (1982) also reported bir;ding of RCA
I lectin to nucleoli. Our control experiments showing
ractically no binding to the nucleus of just the gal-BSA-gold
madrker argues agalust the possible presence of endogenous

@

gallactose—binding lectins.



52

The preseﬁce ?f galactose~containing nucléar glycoprot&na"
indicated by these lectin studies supports the idea that the
nuclear reactions seen after the administration of 3ﬂ-galactose
might at lea's,t in part be attributable to newly synthesized

‘

galactose—containing glycoproteins. However, the possibiity

still exists that some of the 3ﬁ--galacto&e was converted to 3H-

mannose and that endogenous rec'eptors for this sugsl'r' could be in
the nucleus.

' . The findirfgs of the present study, showing UEA I bindiﬁg to
both hete‘:r ochromfst:ln,and euchromatin, ‘differ soﬁewhat from recent
results of Kan and Pinto da Silva (1985) where UEA I lectin was

shown to bind preferentially to euchromatin in rat duodenal

.cells. Roth (1983) concluded, on the other hand, that the Con A

’ Binding gites in the nucleus of rat hepatocytes were more

associated with heterochromatin. The difference in these findings

we feel may possibly be attributed to differences in the fixation

. iu'ocedure or lu thelr preparative technique. An assoclation of

the bindi—ng sites with euchromatin could be expected since
biochemical studies of Reeves et al (1982) have reported the

presence of galactose and fucose in HMG proteins, which have been

shown to be preferentially associated with active DNA (Goodwin et

al, 1982). It has been shown, however, that- the most active '

regi‘on of the dispersed chromatin ol:cure in the region just

adjacent to condensed chromatin (Puvion, 1981) which could help

explain some binding to the heterochromatin as well as -

&

euchromatin. An additional point to be considered 1s the
possible artefact introduced by the fixation process as described

by Sandoz (1985). In quick freeze studies of tissue he reported
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that routinely fixed nuclei ghowed an increase in their amount of

-

heterochromatin. Therefore some of the heterochromatin binding

a

might really represent artefactual translocated euchromatin

“

bindins .

III, Significance of Results - ,

It is important to p&int‘oqt that the two techniques used in
the present work provide cdifﬂérent, alého;gh somewhgt
complimentary information regarding the study of -glycoproteins.
Radioautographic studies relate to the ;ynthesia and localizatit;n
of newly formed glycoproteins. A positive radiqautographic
reaction over a given site 1is 1nd'1cat1ve of t'he(presepce of newly'
formed glycoproteins which infers 1) existenceﬂ of glycoproteins
in generai at that location and 2) that these glycopro'teins‘are
being actively synthesized possibly due to turnover. The lack of
a reaction does not negate the possibility of existence of
glycoproteins there,\ but only indicates that ;her'e are n'o newly
synthesized glycoproteins, possibly because c;f no glycgpzt;tein

turnover. )

S

Lectin binding studies, on the ptiler hand, label all

* accessible existing glycoproteins for 'which the lectin shows some

- specificity, but do not give information about the turnover of

the glycoproteing. Some tnformation is provided. about the nature
of the glycoproteins present since the _s'pecific_ity of the lectin
is known, The lack of a reaction again does not neces'sar,ily

1fnp1y that there are no glycoproteins present, since the lectin

"beihg used may show og;specificity for the glycoprotein molecules’

present or those, moi€ties which could be labelled may be
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i inaccessible to the lectin.

-
‘Thus, it is possible to get a positive radioautographic

£ -
(2

reaction and no lectin binding if a class of .renewing

’

glycoprotein 18 present which incorporates the label but does
not bind to the lectin used. Alternatively, it is possible to

get positive lectin binding but a.negative radioautographic

-
‘

are ' not being remewed. Tt is conceivable that this latter

situation may octur in rat duodenal columnar cells which have

significant nuclear binding of fucose-specific lectin, but

exhibit -little or nb6 nuclear reaction after 3H;F£’.u’cose
T

- -~
administration. Similarly, the lack of uptake of 3H-N—acet:y1-\‘

2 '
mannogsamine and 3H-galactose in the nuclei of frog dorsal root

~-Schwann and satellite cells does not rule out the presence of any

sialic acid- f)':‘f;galactose-containing protégns at ‘this site.

An adjunct‘r.o y:he above p;oposql.is’ that those cells which
‘do shoy large nu‘ubers’of nuclear reactions, such as the frog
dorsai rloot ganglia a'fter qdministratic;n of 3H-,-fucbse, do not
necessarily‘ contain more glycoconjugates in the nucleus than

l

other c¢ell types bu? may contain glycoproteins which rapidly

‘,turnover“that other cell types elither have less of or don't have

at all.

" The present results therefore give strong evidence that the
nuclei of frog dors;l root ganglion Sch,wa'rm and se;tellite cells
and rat duodenal colt;nmar cells contain gljrcqprot.:eins, -and these

must undergo a continuous renewal as indicated by the rapid

appearance of 3H-fucose and 3H-galactose label in these nucledi \‘

n .

«

bind the lectin but -

1

Wi
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after exposure to the 1sotopes. Some of the labelled molecules
appear to be ldcélized to éhe nuclear‘ periphery: land may restde
in the nuclear envelope. In certain Schwann and satellite
‘cells, the.presence of react’ion, ovher~enlargements of the
perinuclear s.pace provides definite eviwdence that, at least in
vtheée instances, labelling of the emzeloiae occurs.

As mentioned in the Introduction, localization of galactose-
or fucose-co‘ntainiﬂg glycoproteins is nqt_éxpected in the nuc‘lear' ’
envelope 1if terminal sugafs are only added to nev}ly synthesized
glycoproteins in the Golgi apparatus with no migration occurring
back t:o the rER or nuclear envelope. Here, however, we are
\s'eeing evidence for term:l'na‘l region sugars at this site and this
means that either 1) transferases for termipal lregion sugars also
’occur in the nuclear envelope or 2) thete is a back migration of\
glycoproteins to the nuclear envelope from the Golg:l apparatus,

In all of the cell t‘ypes‘ examined, at least some of the
‘labél appeaxred to reside in glycéproteins of the nucleoplasm.
Agaip, such a location i.,s,not expected 1if all g]:ycoproceins

N X

' ) - \
receive their carbohydrate residues via glchsyltransfirase

v'\‘,

enzymes situated on the luminal side of t:he nuclear envelo;ﬁj
. rough endoplasmic reticulum-—Golgi apparatus pathway. According

‘to such a model, the hydrophilic carbohydrate group of the newly

o

synthesized soluble or membtane glycopmtei“s (01' 81YC°11P1d3)

would then be on the luminal side of these compartments, and it %

v

is not thought that such molecules would be able to pass t:hrough c

- -

the membranous wall in order to migrate to sites outside ‘of the

: secretory-lysosomal pathway. The present fadioautogtaphic

results, along with the lec-tin-binding qvidence of the present
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atudj; do, nonetheless, p‘rovide strong evidence that such
nucleoplasinic ‘gl'ycoproteins exist and thus aupportl the-many cyto—.
chemical‘and biochemical results of other w'orkers in the
literature as discussed in the Introduction.

) The fact that substantial reaction is observed over many of
the nuciei oé Schwann and satellite cells as early as five
minutes after 1;11tial expostxtle to .3H-fucoae in the present study,

indicates either that newly synthesizeé glycoproteins must

migrate extremely rapidly from the traditional site of fucose

addition (ie. th Golgi apparatus) or that the fucosylation of the
ycoproteins must occur within the nucleoplasm itself. ‘There

are a few reports that the nucleus does contain glycosyltrans-

ferases mediating the addition of N-acet:ylglucosamine,“lN-acetyl*

galactosamine, mannose and galactose (athough not fucose) to
endogenous” glycoproteins (Richard et al, 1975), and mannos;iation
of non-histone proteins has been re'por\ted (Berthillier: and Got,

1982). The exact nuclear localization of i:hése enzymes is not

\

_.clear, however, and as in simjil,ar bidche;nical studies it is

possible that their presence is due to a contamination of the

nuclear fraction.,

0 -

--Given that nuclear glycoproteins do indeed exist, the

' fundamental question ,&f ‘what their functional significance mi:ght

<

: . ‘ 4
be arises.  To date, this question'remains tinresolved, but the

¢ &

o .
location and associations of these molecules with certain auclear

structures may give us some clues as to i)osaible roles in nuclear
L

structure and/or function.

-

The' glyCoproteins in the i nuclear enveldpe may have
"f ' ”\ ,g,j‘! LA
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important structural roles such-as in anchor;ng the nuclear pore -
complex to the reat of the nuclear envelope (Gerace et al, 19§2).
Other functions may include an involvement in such activities as

nuclear membrane-mediated trangsport across the membrane or

through the nuclear pores, or enzymatically catalyzed reacti‘c;nsf' ) ) E

4 4 .

which occur at least in part at the level of the nucledr membrane::.; '

or any combination of the above (Stein et al, 1981). - ,:A_sj "

. , ' 57
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¥

conponents of the "secretory pathway” the glycoproteins may also -

4

4

be destined to ultimately migrate to otler cellular locatioms. ~ ,

In the nucleoplasm, glycoproteins nay have ‘a structural role -

in the organization of nucleoplasmic contents, a functional role

3

in such activities as DNA replication or RNA transcri;;tfon or
again, an invc;lvq;ment in both stucture and function."The "high )
mobility group™ (HMG) nonhistone chromaotin-as;zociat;edq proteins
have been shown to be preférentlaily asgsocilated with active
nucleosomes (Bakayev et al, 1979; Weisbrod et al, 1980; Weisbrod

et al, 1982) and to bind via"i:f\eir cérbohydraté portion to :i;e
nuclear matrix (Reeves ‘and Chang, 1983), It has been aﬁggestgd

o

that these HMG glycoproteins serve ais structural, rather than
. i L

gene-gpecific r,egulétory components of chromatin (Reeves and

L

Chang, 1983) However, in addition to their proposed in vivo
structural role in chronatin; invitro studies have also shown -

' that thege glycoproteins specifically recognize and interact with, =

-

acttye nucleosomes and confer omn them the property of

‘preferential sensitivity ‘to digestion by DNase I (cited by Reeve
¢ - .
and Chang, 1983) and also cause partial inhibition of mammalian

tissue .ctrlture cell histone .deacetylase enzymes. These
§ < o

activities suggest that the HMG proteins might have more than ;'

-~
i:

-

4 -
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’suppo\rted’by a-variety of work done in in vitro (Schaffrath et

: by Kinoshita (1974) suggests 'tw-g'l;cosauinoglycans may also

. haVe a some sort of- regnlatory role in RNA synthesis.

/just a structural role in ité involvement with chromatin.

k]

There is also some evidence thgt histones Hl, H2A, H2B, and.

H3A are glycoprétei‘n"s in Tetrah');nena' thermophila (Levy-Wilson,

. N .
‘-1983) containing .manrfose and fucose. The latter three histones .

are, small proteix;a 'respo:;sible for foiding the DNA 1into nuclgo-
somes and Hl histone seems coA be involved in packing nuclgosones
;l.nt;) the 30 nm fiber.
‘Reports which' indicate that: transformed cells ~or/
regenerating cells differ in ter-s of nuclear glnycoproteiny‘
contept from normal cells (Tuan et al, 1973, Yeoman et al, 1976;‘

Goldberg et al, 1978; Furukawa et al, 1979) suggest that

,carbohydrate-containing molecules could play a funccional role in

the regulation of DNA synthesis. This theory is _further

[N
‘ N B -

al, 1976, Winterboirne nnd Salisbury, 1981 and Furukawa and
Bhavanandan, 1976 and 1983) which indicates that some forums of
glycosauiinoglycan cau stinulate or inhibit DNA syntheaia. Work’ " .

L

VIt mug)c be emphasized again that these functions arei

,Bpeculative in terms of what reslly goes on in vivo. But’ it is

e

" certain that progress ag to the nature and flmction of nuclear

glycgcojugatgs will proceed more rapidly gs more people accepc the

s )
P .

fact that these molecules can and do exist.- ° \ .
N : . ” .

e

IV.Concluaions

In ‘conclusion, this .wgrk btes’ents‘ some of the first

c:}tochemical évi’dence that glycoproteins containing residues of .
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. the terminal sugars fucose and galactose exist 1in the nucledi .of
. -~ - some amphibian /and ' mammalian cell types, while also indicating
that, at least in some cases, these mglecules are being actively
added or renewed.. Puture studies will focus on elucidating the
. . il t + - - N
i nature of these observed glycoproteins. : T .
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Table i. Mean half distance of sjilver grains from nearest portion of Buclear

67

eivelops in electron microscops radiosutographs of Schwann :uxuu orn‘
nuclei at various time intervals after initial exposure =£30080 \
Time Type of of Number of Nean
Intexval Experiment Silver Grain Grains Half Distanoce
Counted fxom Wuclsar -
Envelope
15 min In Vitro Fine so9 ! 320
u/ In Vitro Pilamentous 463 408
nin .. ,
In Vivo Flilamentous 353 366
In Vitro rine 559 284
1 hr '
In Vivo Pilamentous 480 346
The + % hr In Vitro Pine sis ‘248
*’w. i
: Pine 380 ’ s9
"t he + 7 hra In Vitro .
. Filamentous - 366 . 159
Pine ] 26 K
ym;tuctn tritimm line source}: - ‘
- Filamentous 187
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Figure I;e.genda

.Fig .l: Light microcope photograph of a aqetion of frog darsal l

ganglion at low magnification. 4 x 100

At the periphery of the ganélio’n»(right side of photo)

" nerve cell bodies (Nc) are observed. Nuclet of satellite
o _ cells (snall arrovs) are seen at the periphery of the
o 'neuronal cytoplasm. More’ lnteriorly 1n the ganglion
’ ',(left side of photo). collections of myelinated énd
unmyelina‘%ed ax%ns (A) are found. Aesociated with these

axons are Schwann cells (latge arroyheads).

B ' ! 1

o N )

-Pigs t L /
2-2a: Mght: nicroscope radioaut:ographs of a Schwann cell (Fig 2)

v

and a satellite cell (Fig 2a) aftera 5 min in vitro

.

B 2
) f "

. ~4.ncubmon with 3u-fucose. -y . x 400

,In Fig 2, {eaction 18 1oca11zed over the nucleua of a

v

nyelinated .aX0Tne. The nucleus (n) of a neuron is

nlabelled. Grains also appear‘ over neurbnal cytoplasm ‘

S (arrow) and the Golgi apparatus (6) of a satellite ce11

. o . 313 also obaerved over the neuronal cyt;oplaam (Nc) "

Ak % . RN N f . \ x

3
»

s
Py
¥

»
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e
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3

Schvan.n eell (large arrowhead), lying 'next to a

Fig 2a, reaq'gion 13 local:lzed' to the nucleus , "

? which’is seen bordering on a neuron cell body. Reaction ‘-'

“ ore
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Ax; Axoplasm, My; Myelin Lo : / ‘ L

.
a S

Electron nicro‘ac‘ope (EM) radiocautograph of a satellite
. . . -

.cell of a frog dorsal root ganglion after a 5 min

P2

incubation in vitro with 35-fucose. .

Exposura:3mo (Filamentousgrain development) x 17,000

9

Reaction 18 localized over both peripheral and more

interior region; of the nucleus (N) and to the Golgi

apparatus (G).

Nc; Neuronal cytoplasm
(Y o . . '

EM i-a'dioaut:ograph of a Schwann cell of a froéﬁ dorsal root -

ganglion after a 5 ain im vitro incubation with JH-

fucose. . i 1 : N
s . < , .

Exposure: 3 mo (Filamentous grain developaent) x 17,000,

-~ -

‘Reaction is observed over both petipheral and central .S

regions of the nucleus (N).
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Il’.leo;tzpn nﬁ:"r&acqﬁe radioautogragh of a satellite cell .

-of a frog.dorsal i'oot ganglion after a 15 min incubation -

in vitro with 34-fucose.
Exposure: 12 mo (Pine gratn developmengz ,, x 18,000
Reaction is observed over both interior ana peripheral

‘reglons of the 'nucleua.

ﬁn; Plasma Membrane )

LY a

"EM radioautograph of a Schwann cell from a fyog dorsal

root ganglion after a 15 min in vitro -incubation with -

- ¥ ;
fucose.

Exposure: 12 mo (Fine grain development) x 21,000

. Rehciion is localized to both central and peripheral

areas of the nucleus (N) and to' the Golgi apparatus (G).

My; Myelin = Ax; Axoplasm f
. [

.
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. Figs
. ‘ 7-8: Electron microscope radioautographs” of Schwann cells of

a frog dorsal root ganglion after a 30 min in vitro

« incubation with 3H-fucose.

FExpoaure: 1 mo (FtIEigﬁious grain development) x 115,200
Labelling 18 observed over both the nucleus (N) and the
Golgi apparatus (G). In the nucleus, reaction occurs
over both centrQl and peripheral areas. Occasional grains’

. ., can be seen scattered over the Schwann cell cytoplasm as

well as over the myelin (My) and axoplasm (Ax).




O e s

2 £ S

s

1
s
Ay ¢

LA

A e

e BTN Y,

ginde

&

»

o

o TR

G

PN \* Yy

]

hiul 4




s g o o
i

Fig 9: Electron microscope radicautograph of a Schwann cell of

a dorsal ganglion of a frog killed 30 min after injection

of 3H-fucose.‘

Expasure: 5 mo x 10,000
Reaction is observed over the nucleus (N). pSi.].\.velr grair:s
axle seen over peripheral and interior nuclear regions.
The nucleolus (n) is unlabelled. Occaslonal grains

appear cver the myelin (My) sheath which surrounds the

axoplasm (Ax).

'Fig 10: Electron microscope tadioautogtaph of a satellite cell
, next to the cytoplasm of a neuron cell body (Nc), of a
dorgsal root ganglion of a frog kilied 30 pin after an
,1nj;action of 3ll-~fu<:ose. ~
E'xpos‘gre: 5 mo (Filamentous grain development) x 11,500

Reaction 18 primarily localized over central and

peripheral regions of the nuclepyd (N). The nucleolus

(n), however, is unlabelled, although a number of grains

are seen close by. In the‘cytoplasm, one grain may be

! associated with the Golgi apparatus(G). Typical rough: )
endoplaanié reticulum (rER), with its characteristic
ribosome-studded, flattened saccules, 1is unlabelled.

o Occasionally, however, unususl spherical profiles

cgntaining a homogenous material may be observed (arrows)

which resemble rER. The lower one of these has a silver -

grain over it. \

; CT; Connective tissue
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Fig l1: Electron microscope radioaugograph of a Schwann cell of = - L

a frog dorsal root ganglion incubated in vitro with I L . - . ,

3 °

fucose for 1 hr.

Exposure: 35 days x 9,000 .

Reaction is mostly:'localized to the nucleus (N),
Labelling occurs on}er central and peripheral.nuclear .

- L regions. The nucleolus (n) also shows some labelling. A ‘ i .

. ' small number of grdains may be sneen in the cytopiasm.

My; Myelin Ax; "Axoplasn - o, . . .

2
.
N K
N - B
v . =

- P1g112: Electron microscope radioautograph of a satellite cell

»

LA v N ., . .
: " . of afrog dorsal root ganglion incubated invitro with - s .
3H-fucose for 1 hr. : S ] o :
' T Lo ’ ot :Lv
x 18,000. : ‘ o

. Exposure: 35 days ', . ' I
Reaction is seen over the nucleus (N), and over the Golgi o oo

apparatus (G). Silver gralns are observed over.. . T i

peripheral and interior nuclear regions.
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}Fig*l3: Electron microscope radiocautograph of a Schwann cell of
a dorsa.ql root‘ganglion of & frog killed 1 t_)l.;a‘fter an
. injoccion of 3ll-fm:oﬁe.
.Exposure: 2 mo (Eilamentous grain development) x 14,000

™

Reactfon occurs over both the nucleus and the cytoplasm.

_ In the nucleus (N), silver grains are both centrally and -

'periphgrally located, The nucleolus (n) also shows

) the Golgi apparat:u‘s (G). Typtical rough endoplasmic

)P reticulun {rER), conaisting of. flattened, riboaome studded

¢ - gaccules, can be seen but 1is not heavily labelled.

o Eig 14. Electron microscope radioautograph of a satellite cell

of a. dorsal root ganglion of a frog killed 1 hr after

-

injeot:ion of 3“ll-fucose.‘

Exposure: 2 mo X ‘ . ‘xlA,Oéo

. - I .
) -Both nucleai: and-cytoplasmih labelling is observed.

Silver gtaina over the nucleus (N) are distributed over

At - -

peripheral and 1interior regions. Muth« of the
cytoplasmic reaction oc‘curo over the "Goigi aoparatus (G).
Typical rough endoplasmic r;ﬁiculum (rER), consisting:of
flattened, ribosome—studded saccules is not sobstantially
labelled. However, wunusual rER—like profiles
S (arrowheads) sometimes have several grains associated

with them. ' \ .

77 .

labelling. In the cytoplasm, labelling is observed over
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Fig 15: Electron microscope radioautograph of a Schwann cell of

o

a dorsal root ganglion aftera l hr in vitro {ncubation
with 3E-fucose followed by a 1 hr post-incubation in
‘ -

unlabelled ugdiu{;- :
- . »

Exposure: 8 mo . g , x 13,600

Reaction is local'iz;ad to the nucleus (N), with nuclear

grains still distributed over ‘both interiorand peripfmery

regions. Away from the nucleus, grains appear over the

Golgi apparatus (G). Occasionsal grains are also observed

over the myelin of a myefinated . axon.

*

3

Fig 16: 'électron microscope rgdioﬁ‘utograph of a satellite cell

4

from a dorsal root ganglion after a 1 hr in vitro

"incubation with H-fucose followed by a 1 hr post-
. incubation in uniabelled mediua.

- Exposure: 8 mo ' . oox 11, 700°

Labelling is observed over the nucleus (N), where it 18
still found over both peripheral and interior locat':iona.
In the cytoplasm, grains are 1‘ocalized over the Golgi

apparatus (G) ‘ ‘ .
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Figs
17-18: Electron aicroscope tadioautographs of Schwann cells of

a dorsal root ganglia after a 1 hr in vitro incubation
- E )

with 34-fycose followed by a 17 hr post-incubation in

unlabelled medium.

Exposure: 1 mo(Filamentous grai‘n ., (Fig 17) x 10,000
development) . (Fig 18) x 12,000

R,eaccion is 1ocalized over the nucleus (N), and the
c}toélas/ln the nucleus; silver grainbs are -ost’ly .
‘lﬂocaiized t,c; per;pheral‘areaa; - In the cytoplasm, the
Golgi appar;tus (G) shows some "l‘abelling but scattered. ‘ | . ?ﬁ
'lgx;a:lna are also obsclerved over the rest of the. c‘ytoplun‘ h '

and the myelin sheath (My).

. .
.
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Fig 19

Fig 20:

A .

Electron‘n}croscope radioautograph of a Schwann cell of
a frog dorsal root ganglion afte; al l-:r _Q vitro
incubation with 3H-fucosé‘follo‘wed by a 17 hr post-
incubation in unlabelled medium. ‘
Exposure: 4 n70 (Fine grain development) x 11,000
Nuclear labelling. is ‘found mostly over peripheral regions
of the nucleus (N). The nucleolush (n) 1is also labelled.
In thg cytoplasnm, silver grains appear over the bolgi
apparatus (G) as well as other regions. Occa;ional

grains are observed over the ayelin (My) which ensheaths

the neuronal axoplasm’(Ax).

Electron microscope radioautograph of a satellite cell
of a frog dorsal root ganglion after a 1 hr in vitro

incubation with 3H-fucose’ f\ollowed by a 17 hr post-
incubation in un(abelled medium. |

Exposure: 4 mo (Fine grain development) x 13,800
Nuclear labelling is found mostly c;ver the periphery of
the nucleus (N). Away from the nucleus, silver grains

occur over the Golgi apparatus (G). The cytoplasm of
neuronal cell' bbd.ies (ﬁc) appears abov;a and !;elow the

sa",/ellite cell and silver grains are localized over the

plasma membrane.

-
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Electron microscope radioautograph of Schi;;nn cells of a

'y

dorsal root ganglion after a 1 'hr i_ﬁ_ vitro incubation

with 3H-fucose followed by a 17 hr post-incubation in

unlabelled medium. \
" " x 17,400

Exposure: 4 mo °

L]

Reaction which is localized over the nucleus (N) is
confined to mostly peripheral areas. In some places (A),

- 2
the space between the outer nuclear membrane (ONM) and

.

the inner nuclear membrane (INM) has become greatly
T

enlarged. At these places the outer nuclear membrane

remains covered by ribosomes (arrowhead). The lumen of

this space remains in continuity wilth the remainder of

the perinuclear space (arrow). At these enlargements of

the perinuclear:' space, reaction appears over the

“

A perinuclear space itself, as well asg over the inner and

outer nuclear membranes. Ribosome-studded profiles (B),
whi?:{\ resemble the enlargements at A; are observed In the

cytoplasm, and exhibi¢ many overlying silver grains.
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jFig 23: Electron microscope radioautograph of a satellite cell

of a dorssl root ganglion after a ! hr im vitro

| incubation with 3H-fucose followed by a 17 hr post-

incubation in unlabelled medium.

‘Exposure: 1 mo . ) x 17,500

Nuclear labelling is confined to very peripheral regions
of the nucleus (N). In some places (A),, the space

- between the: outer ndclear -enkane (ONM) and inner

nuclear uenbrane_ (INM) has been become enlarged.

Ribosome-studded profiles resembling these enlargements ‘

(B), are observed-in the cytoplasm, and often contain ___

“label.
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Fig 24: Electron microscope radioautograph of a duodenal goblet
cell and villus columnar cell of a rat killed 15 ain

after injection of 3H-ga1aét:ose. co -

Expogure: 6 mo . . x ‘10, 600 l
Reaction 013 localized over the nuclel of both the goblet
cell (N)wnd the columnar cell (N'). The labelling is
geen in peripheral and interior regions of the nucleus
of both cell types. The nucleoli (;x) in both.cells are.
also labelling. Outside the nucafeus, gilver graians
appear over a;'ctetary granules (sg) and the lateral cell

. §
meabrane (1m) of the goblet cell.

Fig 25: Electrop microscope radioautograph of a duodenal crypt
base columnar cell of a rat killed 15 nin after
injection with 3j-galactose.
Exposure: 9 mo . ' x 9,600

’ React'ioﬂn is observed ov”gﬁi'_ the nucleus (N) and the
cytoplasm. .. In the*'nuc_i'éj;:’?;‘f“zs‘ilver gx;aino are
distributed over both central and peripheral aress. Some

grains are seen over the nucleolus. In the cytoplasm,

labelling 18 observed in the Golgi apparatus (G). and in

3
- N \

the lateral ce;l membrane (1lm).

BM; Basement ﬂ%nbrane
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Fig 26: Electron microscope readioautograph of a section of rat
duodenal villus of a rat killed, l hr after tnjéction of

=,
¥

3H-galactose.
Exposure: 9 mo x 11,000
Reaction 18 localized over the nuclei of villus columnar
cells (N) and the nucleus of a goblet cell (N'), where 1t

4] ? ’
18 obgerved ovér both peripheral and interior auclear L e

re%‘iqns of both cell types. The nucleoll (t})lof the .
goblet and columnar cells are also lrabelle’d.‘ Outside
the. nucle,us. label is ‘obséerved in éha Golgi apparatus ) }\
(G) of both cell types although the 1abe111n’g 1s heavier
in the goblet cell. Grains also appear over the
aicrovilli (MV) and the lateral cell membrane (1am) of ,
the villus columnar cells and the Isecteuty grAt:(ules

\

(sg) of the goblet cells.

/
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Fig 27: Electron microscope radiosautograph of duodenal crypt base -

columnar cells of a rat killed 1 hr after injection with

3n-g§~&tot76 o X
Exposure? " x 10,000

Reaction is localized over the nucleus, wiﬁh both
- ~
peripheral and interior regions are labelled. F’I‘he‘

nucleolus (n) seen in one of the cells is also labelled.

Outside the nucleus, silver grains appear over the

13

lateral cell membrane (1lm).

Fig 28: Electron microscope radioautograph of a section of lamina

.

propria -of deodenum of a rat killed 1 hr after injection

. with 3H-galactose.
Exposure:9 mo . 1 . x12,000
Reaction occurs over the nuclel (N) of some fibroblasts. o

The amount of labelling per nucleus seens qiiite variable,
however, conpafing the nuclei at the tgplof the
radioautograph tov the one aﬂt the bottom. Silver grains
qan‘\be seen oyer 1nt1er10;: and/or pe_r:ipheral regions of
the nuclei. A labellea nucleolus (n) is seen 1n the

¥

_bottom £ ibroblast,
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'Fig 29: Electron microscope rédidautqsraph of a duodenal ‘crypl;
b,a;_é ‘with accompanying- basement membrane (BM) of a rat'_ |
\kille;l 5 hrs after injection with 3H-galactose. ’
‘ﬁxposu‘re: 9 o - . : x 8,700 :
Re;gtién is again' localized over nuc}ei of crypt base .
columnar cel\ls. Nuclear grains are distributed both’ -
peripherally and interiorly. A nucleolus (n) in one of
% the ‘columngr cells ia labell\ed'. Away from the nucleus,

some grains can be seen over the lateral cell membrane

. (lm). G; Golgi apparatus.

»

-t

Fig‘ 30: Elec‘:trron microscope radioautograph ‘of'a dupdenaly crypt
b'a;e with accompanying basement menbrane nepzarat;.ng it
from fhe underﬂ:lying laniﬁq' propria of a rat killed 5. hrs,
after 1nj’ection of 3H-galactose. ’

o . Exposure: 9 mo o © ‘x 9,700
'Labe}ling' océuré in the nuclei of an endothelial .cell ~(Nl)‘

. y'and a pericyte (N') of a blood veuel’ in the lanina

pr't;ptia-, and in the nucleus of a crypt base coluntia’r

cell (Nt')‘
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-

Electron microscope radioautographs of a section of

dﬁo@enal crypt’ fentixriné cells undergoing mitosis from a

rat killed 5 hrs aftﬂer,injection with 3ﬂ-galactoae.

Exposure: 9 mo o x 10,000

R\eaqthn is 16cnlized over the condensed chromation (c)

of the cells undergoing anitosis and nuclei of surrounding

crypt columnar cells. Figs 31 and .32 show cells at

‘different mitotic stages but tabelling is seen in both.

'Fi'g 31 1s at the prophase stage while Fig 32 is from a

later stage, possibly metaphase. Silver grains appear
over ni:cle’ol& (n) of several cells. Scattered grains are
observed over the  microvilli (MV) and lateral cell

menmbranes (1lm) -of the crypt columnar cells.
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Pig 33: ﬁlectron microscope radioautoéraph of a section of villus . }
of a rat killed 5 hrs after injection of: 3H-ga1actose.
"i‘Expoaute: 9 mo . ' x 8,200
" Reaction is observed over the nucle% of both a villus ) )

- columnar cell (N) and, 'to a lesser extent, a pair

- of goblet cells (N'). Silver grains appear o(rer both . ;
peripheral and 1interior areas of the columnar cell ) j
) K

.nucleus. In this case, labelling to be seems confined ;
f N . - .f,

to the nuclear periphery of the goblet cells. N o A
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Figs ¢ .
-34-'35: Electron micrographs showing specific labelling of

i.owicryl KéM—embedded secl:.ions o'f duodenal glllus cells
with a preparation of UEA I lectin-gold. Fig 3; is from
an experimental preparation while Fig 35 is from a
| controi préparation with .5 M fucose added to the lectin~
- ~ gold. . ° x 28,500
g; ' In nga 34, intense labelling of the secretory granules

(sg) and the lateral cell membrane (lm) of a goblet cell

is observed. The microvilli (MV) of surrounding columnar -
" cells exhibit a similar heavy labelling. In Fig 35,
labelligg of all structures 1is largely hbolifl!é’d.
Secretory granules, lateral cell membranes, and
- 0

microvilli are all mostly free of lectin-gbld.particles.
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Figs
36-37:

P 2 Tt e T e @1t s s

90

Electron micrographs showing the specific lat;ﬁeiling of

duodenal villus columpar cell nuclei with a preparation

of UEA I lectin-gold., Fig 36 is is from a experi.nent:al

'ptepgtation while F°1g 37 is from a controi prepatafion

yith «5 M fucose added. x38,000

'In-Pig 36, heavy labelling of the nucleus is observed.

Gold " particles aré associated with the nuclear envelope

¢ R4

(NE) and the heterochromatin and .euchronatin' of the

-

nucleus (N). Away from the nucleus, the cytoplasnm and

la’teral cell membrane (lm) are alsowlabelled.
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Figs

38-39: Electron micrographs showing the specific labelling of

-Schwann cell nuclei of frog dorsal root ganglia with a

p’repatation of UEA I lectin-gold. Fig 38 is from an’

experimental preparation while Fig 39 {is from a control

preparation with .5 M fucose added to the lectin—-gold.

-

- x 36,000
In Fig 38, heavy labelling of the nucleus (n) is

observed. Gold particles are associated with both the
heterochromatin and euchromatin of the nucleoplasm as
vell as the nuclear envelope (NE). Away from the
‘nucleus. the plasma membrane (PM) aitowa little or no

labelling. In Fig 39, nuclear (N) labelling is largely

reduced.

CT; Connective tissue PM; Plasma membrane

g

A o e



M s s

s i L

e g vt 1 S D

~

w v
S

’




. r—————. e a

Figs
40-41:

92

Electron micrograpt'ls‘showiﬁg the Bpecific labelling of
duodenal villus columnar cells with a preparation of RCA
I lectin fol’lidwed ‘by Gal-BSA-gold. . Fié 41 is frow an
‘experimental preparation ‘while F:lg 40 is from a control

preparation with .5 M D-galhccose added to the Gal-BSA~

gold. - x 37000

In Fig 41,9 the microvilli (MV) and lateral cell membrgne

. Y
of a villus columnar cell is heavily labelled. Gold

A

particles are alsdo associated with the cytoplasm

including mitochondria (m). In Fig 40, labelling of the
microvilli (mv) and lateral cell membrane (1m) is largely

abolished. There are"far fewer less gold particles

. assoclated with the cytoplasn as well, although some non-

specific labelling is observed. Mitochondria {m) are’

.

free of particles. . )



. ».#‘..4..




Figs

42-43

TN

Electron micrographs showing the apecifid labelling of

nuclei of duodenal columnar celis with a preparation of °

RCA I lectin followed by Gal-BSA-gold. Fig 42 is from
an experimental preparation whife Fig 43 is from a
control’preparatiohlwith.5 M D;galac;ose:;ddedvto the
Gal-BSA-gold. . . x 33,000
In Fig 42, heavy labelling of tpe nucleus (N) is
observed. Gold particlea’are assoclated with the nuclear
gnvelope (NE), “with the euchromatin and heterochroma-

tin of the nucleoplasm and the nucleoihsl(n) also shows

considerable labelling Particles are scattéred through-

.out the cytoplasm and seen labelling mitochondria (m).

' The lateral cell membrane (Im) also is heavily labelled.

In Fig 43, the labelling of nuclear. structures is lafgely
redu in the control preparation. Similarly, the

number of gold particles in the cytoplasm is much lower.

Mitochondria (m) lateral cell membrane (lm) are -

unlabelled.
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