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STELLINGEN

1 Hoewel Rösner (1975) suggereert de door hem gemeten waarden in de nervus
opticus te korrigeren voor aspecifiek transport, zijn deze waarden zeer waar-
schijnlijk het resultaat van zowel antegraad, retrograad axonaal transport en
extra-cellulaire diffusie.

Rösner, H., 1975, Brain Res. 97,107-116
Cowan, W.M., 1970, Br. med. Bull. 26,112-118
Dit proefschrift

2 Het gebruik van intraventrikulaire injektie van een getritiëerde precursor,
gekombineerd met het kwantificeren van zilverkorrels in autoradiogram-
men over cellichamen en -uitlopers, zonder cellen als geheel (cellichamen
met bijbehorende uitlopers) te beschouwen, is een erg onnauwkeurige
methode om de hoeveelheid ingebouwde radioaktiviteit per cel te meten.

Reisert, 1. en Pilgrim, Ch., 1979, CeU Tiss. Res. 196,135-145

3 Het feit, dat na injektie in het axon of in het cellichaam van [3H-(G)]/v*-
acetyl-D-galactosamine, de samenstelling van de gelabelde eiwitten van elkaar
verschilt, is op zich geen aanwijzing voor inkorporatie van deze suiker in
glycoproteihen in het axon.

Ambron, R.T. en Treistman, S.N., 1977, Brain Res. 121, 287-309

4 Het op grond van het gedoleerde perikaryon meten van specifieke radio-
aktiviteit ten behoeve van het bepalen van cellulaire turnover snelheden,
doet onrecht aan de volume-verhouding van het cellichaam en zijn uitlopers
en het feit, dat deze twee onderdelen van de cel door middel van dendritisch
en axoplasmatisch transport met elkaar in verbinding staan.

Margoüs, R.U. en Margolis, R.K., 1974, Bioch. 13, 2849-2852

5 Het bepalen van de snelheid van antegraad axonaal transport met behulp van
ligaturen is uiterst onnauwkeurig.

Bisby, M.A. en Bulger, V.T., 1977, J. Neurochem. 29, 313-320

6 De suggestie van Paulson e.a. (1978) dat niet alleen in vitro maar ook in vivo
slechts de concentratie van a2->6 sialyltransferase bepalend is voor het vol-
ledig sialyleren van at -zuur glycoproteihe is een onderschatting van de in-
vloed van het membraansysteem van het Golgi apparaat en het vektorièle
transport van substraten op de inbouw van siaalzuur in de levende cel.

Paulson, J.C., Prieels, J.-P., Glasgow, L.R. en Hill, R.L., 1978, J. biol. Chem.
253,5617-5624



7 Bij het karakteriseren van hun subceüulaire frakties, vinden Morgan e.a.
(1971) tegenstrijdige resultaten met enerzijds biochemische methoden en
anderzijds waarnemingen met behulp van het elektronenmikroskoop. Deze
schijnbare tegenstrijdigheid zou met behulp van onderzoek met histo-
chemische methoden aan gefraktioneerd materiaal opgelost kunnen worden.

Morgan, I.G., Wolfe, L.S., Mandel, P. en Gom bos, C , 1971, Bioch. bioph.
Acta 241, 737-751
Hardonk, M.J. en Koudstaal, J., 1976, Progr. Histoch. 8,1-66

8 Het juist bij de B-vorm der 0-hexosaminidasen ontbreken van afbraak aktivi-
teit ten opzichte van oligosacchariden uit glycosaminoglycanen zoals door
Bearpark en Stirling (1978) werd gevonden, is in strijd met het feit dat in
fibroblasten van Tay-Sachs patiënten vrijwel geen stapeling van glycosami-
noglycanen plaatsvindt, maar in die van Sandhoff patiënten wel (Cantz en
Kresse 1974).

Bearpark, T.M. en Stirling, J.L., 1978, Bioch. J. 173, 997-1000
Cantz, M. en Kiesse, H., 1974, Eur. J. Biochem. 47,581-590

9 Het simpele onderscheid in de nucleus arcuatus in gliacellen en neuronen
doet onrecht aan studies, die aangetoond hebben, dat op zijn minst glia-
cellen, tannycyten en verschillende typen neuronen aanwezig zijn.

Wagner, H.-J. en Pilgrim, Ch., 1978, Histoch. 55,147-157

10 Het is op grond van motieven van milieubescherming en energiebesparing
wenselijk dat de afstand tussen wonen en werken zo klein mogelijk gehou-
den wordt. De praktijk is echter, dat in Noord-Holland door oorzaken als
stadsvernieuwing en overloop, de afstand tussen wonen en werken steeds
groter wordt, hetgeen door de overheid moet worden tegengegaan.

Nota over de ruimtelijke ordening in Noord-Holland 1977
Ontwerp streekplan voor het Amsterdam-Noordzeekanaal gebied 1978

11 Het is geschiedvervalsing te stellen, dat door de bewapeningsspiraal de twee
grote machtsblokken NAVO en Warschaupact de onderlinge vrede hebben
bewaard. Men kan niet ontkennen, dat zij betrokken waren bij de meeste
van alle 160 oorlogen die er sinds 1945 zijn gevoerd, voornamelijk op grond-
gebied van de Derde Wereld.

Intermediair 15 (1979), 58-59

12 Het eenzijdig tutoyeren tussen volwassenen moet als een vorm van discrimi-
nerend taalgebruik worden opgevat.

13 Het beste vervoermiddel voor het zoeken naar een parkeerplaats is de auto.

20 februari 1980 L.D. Loopuijt
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De mensheid stormt vooruit, en de laatste
oerwouden van de wereld trekken zich dus
haastig terug. De bossen verliezen hun wilde
dieren en veranderen in platteland dat wordt
opgevuld met buitenwijken, en die worden
door de grote steden opgeslokt. De enige
maagdelijke wildernis die nog bloeit is de
hete, verwarrende en slecht verlichte wereld
binnen onze lichamen zelf. Ik houd van wilde
natuur, en bij gebrek aan een grote daarbuiten
verdiep ik mij dan maar in het kleintje dat
il; zelf van hinnen ben, en in het jouwe
natuurlijk.

Daar zijn de raar gevormde klieren, de
beenderen, de doorzichtige longen, de
krankzinnige kluwen cellen van de hersenen -
werelden die andere werelden omsluiten - en
alles wordt voortdurend omspoeld door aldoor
dat bloed.

Leo Vroman
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I

C H A P T E R I

DWRODUCTION.

The plasma membrane of animal cells can be considered as the line

between the cell and the outside world. It limits the cell on one

hand, but it also forms the means of communication with its envi-

ronment. Changes in the environment of the cell, resulting in chemical

or physical stimuli, evoke responses of the cell such as changes in

growth rate, metabolic patterns, differentiation, permeability and

shape, enzyme induction, mobility, etc. It seems reasonable to

assume therefore, that the plasma membrane plays an important role

in the transmission or translation of those environmental stimuli.

For example, in tissue culture (Roseman 1974), suspensions of dis-

sociated diploid cells will not divide, but when they can adhere

to a substrate such as glass, they become attached and grow. Growth

continues as a monolayer until the cells come into contact with each

other on all sides, at which point growth stops. In this example,

contact of the cells with the gjass induces growth, whereas contact

with other cells stops growth.

When the cell plasma membrane mediates responses, and when one wants

tu know more about the mechanisms involved, then it will be necessary

to analyse the plasma membrane and its composing parts.

1-1 Components of the plasma membrane.

A great part of the plasma membrane is composed of phospholipids.

Since Danielle and Davson (1935) have proposed their model of the

lipid-bilayer membrane, this concept has been generally accepted.

Modifications have been introduced, however, to fit in the non-lipici

15



compounds of the membrane. The best known is the fluid mosaic

model of Singer and Nicolson (1972), in which proteins float in a

layer of lipid, two molecules thick. According to Benedetti and

Enmelot (1967) and Hirano e.a. (1972) the membranes appear to con-

tain carbohydrate, on one side of the membrane only. Histochemical

methods (Rambourg and Leblond 1967, Martinez-Palomo 1970, Winzler

1970, Parsons and Subjeck 1972, Rambourg 1971) show the carbohy-

drates in the membranes of all mammalian cells studied so far to

be located at the external surface.

Isolation of plasma membranes and separation of its components

with biochemical methods has revealed that complex carbohydrates

are linked to proteins (Hughes 1976) or lipids (Irwin 1974).

Another group of complex carbohydrates, the mucopolysaccharides,

do not seem to be important constituents of the plasma membrane

(Martinez-Palomo 1970, Winzler 1970, Ramboury 1971), although

Spiro (1970) mentions, that covalent bonds between mucopolysaccha-

rides and proteins exist. As these mucopolysaccharides are present

in the intercellular space (Margolis and Margolis 1977), linkage

to proteins would make it probable, that the mucopolysaccharides

are part of the plasma membrane.

In the central nervous system, histochemical staining for complex

carbohydrates also results in staining of plasma nembrone including

the axolemma,however, the synaptic plasma membranes and the synaptic

cleft are especially heavily stained (Rairibourg and Leblond 1967) .

V7ith subcellular fractionation glycolipids and glycoproteins were

detected in synaptosomal and microsomal fractions (Quarles 1975,

Suzuki 1975, Breckenridge e.a. 1972, Morgan e.a. 1977) .

1-2 Composition of glyaooonjugates.

The chemistry of glycoproteins and glycolipids will be briefly

described. For a complete review the reader is referred to Spiro

(1970) . Glycolipids consist of a carbohydrate chain bound to a

lipid chain. The lipid may consist of sphingosine and fatty acid,

or glycerol and fatty acid. The composing sugars include glucose,

16



I

galactose, N-acetylgalactosamine, N-acetylglucosamine, fucose

N- and O-acetyl and N-glycolyl derivates of neuraminic acid

(Sweeley and Siddigui 1977). Glycoproteins can be defined as pro-

teins, which have carbohydrates covalently attached to their pep-

tide portion (Spiro 1970). As characteristic sugar components they

may contain the same carbohydrates as the glycolipids and in addition

mannose, arabinose and xylose. The carbohydrate portion of glycopro-

teins and glycolipids can have two or more than 15 sugar residues,

can have side chains and can vary as to the linkages between the

sugar residues. But, as a generalisation, one can say, that mannose

and glucose occur near the peptide or lipid chain. N-acetyl-hexos-

amines as well as galactose can have a position near the core, but

also one at a more distant place, while the derivates of neuraminic

acid and fucose occur at terminal positions at the chain. Neuraminic

acid is the only sugar residue that is, at pH > 2, negatively charg-

ed because of its carboxyl group.

i

1-3 The biosynthesis of plasma membrane glycoproteins and glyco- \

lipids.

The biosynthesis of the carbohydrate moiety of glycoconjugates occurs

by means of successive addition of activated sugars to a lipid or

protein. These additions are catalyzed by a set of enzymes, the glyco-

syltransferases, which are membrane-bound and localised in multienzyme

complexes (Boseman 1974, Fishman and Brady 1976, Schachter 1974).

Glycosyltransferase activities were discovered in rat liver Golgi rich

fractions (Schachter e.a. 1970, Reenan e.a. 1974). With EM autoradio-

graphy, it was established for a variety of tissues, that radioactivity

is incorporated at different sites after administration of radioactively

labelled sugars: galactose and glucosamine are incorporated at the

smooth endoplasmic reticulum, while galactose, mannose, N-acetyl-

glucosamine , N-acetylmannosamine and fucose are incorporated in

the Golgi apparatus (Schachter 1974 , Ito 1969 , Bennett 1970 ,

Rairibourg and Droz 1969, Hollande 1970 , Pisam and Ripoche 1973,

Bennett and Leblond 1970 , Rambourg e.a. 1971 , Feeney 1973 ,

17



I

Weinstock e.a. 1972, Susi 1973 and Bennett and Leblond 1977). Ra-

dioactivity, as visualised in EM autoradiograms, migrates in the cour-

se of time from smooth endoplasmic reticulum to Golgi apparatus and

then either to secretion granules or to the plasma membrane

(Schachter 1974, Ito 1969, Hollande 1970, Pisam and Ripoche 1973,

Rambourg and Droz 1969, Bennett and Leblond 1970, Rambourg e.a.

1971, Weinstock e.a. 1972 and Bennett and Leblond 1977). These re-

sults are interpreted as follows (Schachter 1974): the peptide

chain of the protein is synthesised at riboscmes in the rough endo-

plasmic reticulum. Then the peptide is transported into the cister-

nal space of the rough endoplasmic reticulum, and vectorially

transported through the channels of the endoplasmic reticulum, from

the rough endoplasmic reticulum to the smooth and next to the Golgi

apparatus. During this transport the membrane bound multiglycosyl-

transferases catalyze stepwise the transfer of activated sugars to

the growing oligosaccharide chain. Vesicles f ran the mature part

of the Golgi apparatus are transported to the plasma membrane

where they become part of the plasma membrane by means of membrane

fusion and exocytosis (Schachter 1974). Vesicular transport and

incorporation in the cell membrane have not yet been experimental-

ly verified.

1-4 Glyaosyltransf'erases in eeVLulav adhesion.

Quite a different role for the glycosyltransferases has been sug-

gested by Roseman (1974). Glycoconjugates and glycosyltransf erases

would play a role in cell adhesion (Roseman 1974). A glycoprotein

or glycolipid on the plasma membrane of one cell would serve as a

substrate for a glycosyltransf erase localised on the membrane of

another, and through the binding of one to the other the cells will

adhere (fig. 1-1).

Ps a first step in testing this theory, it is necessary to establish

the presence of glycosyltransf erases in plasma membranes. Sugges-

tive evidence is available (Roth e.a. 1971, Yogeeswaran e.a. 1974,

Roth and White 1972,Bosmann 1971, Shur and Roth 1973, Shur and

18
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Fig. I-I

The role o£ glycosyltransferases in cellular adhesion (after
Roseman 1970).

Roth 1975), but this evidence is st:.ll being disputed (Deppsrt and

Walter 1978).

1-5 Localisation of glycosyltransj'erases in brain.

The localisation of glycosylfaransferases in brain is still contro-

versial: some studies show that glycosyltransferase activities

are associated with synaptosomal fractions (Den e.a. 1975, Den

e.a. 1970, Festoff e.a. 1971) .However, it is likely that these frac-

tions contain an appreciable amount of material of the Golgi ap-

paratus (Raghupathy e.a. 1972). Schachter e.a. (1970) used a simi-

lar f ractionation procedure with liver to isolate the Golgi appa-

ratus. Thus, it cannot be decided whether the clycosylation in brain

occurs in the Golgi apparatus, in nerve endings or at both sites

(see also Barondes 1974).

1-6 Axonai transport.

The study of the biosynthesis of glycoconjugates in the central

nervous system is complicated by the transport of conjugates of

low or high molecular weight (that are formed in the cell body)

over great distances to nerve endings. It is not clear, whether

molecules urdergo chemical changes during or after the transport.

This transport of newly synthetised molecules inside dendrites or

19
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axons has been studied by many investigators and is called dendritic and

axonal transport respectively (see for reviews Lasek 1970, Droz and

Di Giairiberardino 1974, Bisby 1976). This phenomenon, proposed by

Scott (1909) as a hypothesis, was first described by Weiss and

Hiscoe (1948). ---_-•/_" ......

1-6-1 Methods'of• investigation." - - ' ';

Several methods have been used to demonstrate axonal transport, de-

pending on the neuronal system used. In most cases, a combination

of the different approaches, mentioned below, was used. Most wor-

kers administer a radioactively labelled precursor near or in the

neuronal cell bodies, which can be taken up by the cell body to be

incorporated into compounds of the cytoplasm and transported

into the axon. - .:-----..-_

1. The optic system has often been used . In some species, the op-

tic nerves cross completely in the chiasm, that is to say,

the axons of the cell bodies which are present in the left

retina, project to the right half of the brain. When one

injects labelled cortrpounds into the left eye, then the unin-

jected (right) retina and the nerve tract and nerve endings

connected with it, can be used as a control. The difference be-

tween scintillation countings of the injected and the uninjec-

ted system can be used as a measure for axonally transported ma-

terial.

2. After injection of the labelled compound, the nerve can be li-

gated or crushed. In this case axonal transport is blocked and

transported material will accumulate, proximal and distal to

this ligature. However, it has been shown that axon injury by

ligation induces a premature and increased retrograde trans-

port of labelled proteins (Bisby and Bulger 1977, Frizell e.a.

1976).

3. In bundles of long and parallel axons a peak or crest of radio-

activity can be followed along the system with liquid scintil-

lation counting. Examples of such systems are the sciatic nerve
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in mammals and the olfactory tract in sane teleosts. These sys-

tems permit an accurate estimation of the transport velocity

and isolation of materials transported.

4. A much more accurate localisation of the radioactivity is pos-

sible with electron microscopic autoradiography. In seme cases,

the radioactivity can be localised inside the axon, but this

method does not give information about the chemistry of the

labelled molecules.

5. Various drugs are known to block axoplasmic transport (e.g.

colchicine, vinblastine). When one can observe these drugs which

block the transport, this then offers an extra argument in fa-

vour of axoplasmic transport.

6. The dimensions of invertebrate neurons are much greater than

that of vertebrates, making it possible to inject directly

in-' o a single neuron. The advantage is, that the system is

a rather simple one, whereby single cell injections can be

combined by liquid scintillation counting or autoradiography.

7. Apart from the labelling of endogenous material by radioactive

precursors, one can also inject exogenous (macro)molecules,

which are transported as such. In histological sections these

molecules can be detected histochemically or by means of ra-

diography.

8. Axoplasmic transport can be directly observed in living axons

under the light microscope with the aid of suitable illumina-

tion.

'Different modes of axofial tiwispoi't.

: Various cytoplasmic components are known to be intra-axonally trans-

ported, such as proteins, glycoproteins, phospholipids, mitochon-

dria, enzymes, neurotransmitters, RNA, neurosecretory granules

(Lasek 1970) and microtubules (McEwen e.a. 1971) . The intra-axonal

transport can occur in two directions: from the cell body towards

the nerve ending, (antegrade transport) and from the nerve en-

ding towards the cell body (retrograde transport). These two

ways of axoplasmic transport will be discussed separately.
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1-6-2 Antegrade transport.

With regard to the velocity of antegrade transport, Karlsson and

Sjöstrand (1971a) distinguished 4 velocities in the optic system

of the rabbit: 150, 40, 6-12 and 2 ram/day. We will call velocities

above 40 itm/day fast axonal transport, 40-10 mm/day intermediate,

and less than 10 mm/day slew axonal transport. These values can

vary from system to system, but in general the transport veloci-

ty is independent from axon diameter, axon length and myelination

of the axon.

1-6-2-1 Fast antegrade transport.

Proteins, glycoproteins, phospholipids, neurotransmitters and some

enzymes are transported by fast flow (Lasek 1970). These

components appear to be predominantly localised in subcellular

fractions that contain particulate material (Droz and

Di Giamberardino 1974, Bisby 1976, Griffin e.a. 1976, Lasek 1970).

It is suggested in electron microscopic autoradiographic studies

(Markov e.a. 1976) that the fast transported material is associ-

ated with the smooth endoplasmic reticulum.

The mechanism of the fast axoplasmic transport has not yet been

elucidated but several fragments of information are available.

Fast flow is dependent on the availability of oxygen; lack of

oxygen stops axoplasmic transport in 15 minutes (Ochs 1974). This

cuthor concluded, that fast axoplasmic transport does not depend

on diffusion, but that it is an active, energy dependent process.

Ca is also required (Hammerschlag e.a. 1977, Ochs e.a. 1978).

Lack of Ca does not influence the velocity but the amount of the

material transported (Hammerschlag e.a. 1977). Mg cannot replace
2+ 2+

Ca (Ochs e.a. 1978), but Co blocks axoplasmic transport

(Hammerschlag e.a. 1976). Several sulhydrylblockers inhibit rate

and amount of axoplasmic transport in concentrations higher than

10 M, some of which stimulate the amount of material transported
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in concentrations lower than 10 M (Edstrcm and Mattson 1976).

Because microtubules possess several free sulhydryl groups, these

effects could possibly be related to the role of microtubules in

axoplasmic transport. Further evidence for involvement of micro-

tubules has been obtained by using the alkoloids colchicine and

vinblastine, which are compounds that block axoplasmic transport

(Crothers e.a. 1975, Gamache and Gamache 1974, Price 1974,

Sjöstrand and Karlsson 1974, Kreutzberg 1969, Dahlström e.a. 1975,

Paulson and McClure 1975). These agents also bind to microtubule

protein preparations in vitro (Paulson and McClure 1975) . It is

thought that colchicine and vinblastine stop axoplasmic transport

by disassenibly of microtubules (Paulson and McClure 1975, Wilson

1975). Byers (1974), however, noted a transport block by colchi-

cine without apparent loss of microtubules, but Ghetti and Ochs

(1978) mention disassembly of microtubules at concentrations

which block axoplasmic transport with maytansine.

The rate of axoplasmic transport is dependent on temperature

(Gross 1973, Cosens e.a. 1976, Ochs and Smith 1975).

Axonal transport of low molecular material.

It has been discussed whether, besides proteins and lipids,

low molecular weight material also can be transported by fast

flow.

The distribution along axons of low molecular weight material dif-

fers. High molecular weight material shows a distinct wave front,

and behind it, a "saddle region", the height of which is lower

than the crest (Ochs 1974 , Gross and Beidler 1975). The low mole-

cular material is most abundant near the cell body, more distallyas

the amount of labelled material diminishes (Gross and Weiss 1977,

Rcmer e.a. 1973b, Rahmann e.a. 1975, Ledeen e.a. 1976). Ledeen e.a.

(1976) suppose, that the latter distribution results, at least

partly, f ran a periaxonal diffusion process. Gross and Kreutzberg

(1978)state however, that there is an active fast transport of

leucine and proline in the pike olfactory nerve. After perfusion

with glutaraldehyde, they shewed a crest and a saddle region for
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unincorporated precursor material at a survival time of 3 hours.

They conclude, in contrast with Ledeen e.a. (1976) , that passive

diffusion alone cannot account for this transport of low molecu-

lar material.

The biological significance of fast axonal transport can be

described as a system which supplies: materials to axolemma (Gross

and Beidler 1975), the plasma membrane of the nerve ending and

part of the material which is required for neurotransmission

(Droz 1974).

1 - 6 - 2 - 2 ; Slow 'axopldsrhia' transport'.:. .•-".', .

When "a protein precursor -"is injected in"-"the neighbourhood of cell

bodies, part of it is transported by fast _-flow , but the

bulk of the labelled material, about 80%, is transported slowly

with a velocity of less than 10ran/day (Droz 1974). Not only pro-

teins are transported with the slow transport, but also mitochon-

dria (Lasek 1970) and microtubules (McEwen e.a. 1971). In con-

trast to fast transport of proteins , slow transport of

proteins appears to be majorly associated with soluble fractions

(Lasek 1970). With electron microscopic autoradiography it has

been observed, that silver grains, representing transported pro-

teins, appear to be localised over the axoplasm (Droz 1974) .

Not much is known about the mechanism of slow transport.

1-6—3 Retrograde axonal transport.

Retrograde transport has been demonstrated by injection of exo-

genous macrcmolecules. These molecules are taken up by nerve en-

dings or cut axons and successively transported to the cell body,

where the molecules accumulate. This has been visualised by his-

tochemistry or autoradiography in the light and electron micro-

scope. A number of different macromolecules show this behaviour

(table I-l).

The velocity of retrograde transport in the chick optic system
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Tabel 1-1.

Retrograde axonal transport of exogenous molecules.

Material

inacromolcfu les

o.ytochrome c

ferri t in

iron dextran

wheat germ agglutinin

nerve growth factor

antibodies to dopamine-

P-hydro>.ylase

enzymatic inactive dopamine-

(3-hydroxylase

tetanus toxin

horseradish peroxidase

Small molecules

glycine

glucosamine

bisbenzimide

propidium iodide

Reference

Malmgren e.a. 1978

II II I!

II II II

Schwab e.a. 1978

Stöckel e.a. 1975, Thoenen and

Stöckel 1975, Iversen e.a. 1975,

Hendry e.a. 1974, Johnson e.a. 1978

Fillenz e.a. 1976, Ziegler e.a.

1976, Silver and Jacobowitz 1979

Nagatsu e.a. 1976

Schwab and Thoenen 1977, Price e.a.

1975, Schwab and Thoenen 1978

Kristensson e.a. 1971, Nauta e.a.

1975, LaVail and LaVail 1974,

Sotelo and Riche 1974, Sherlock

e.a. 1975, Strick e.a. 1976, Heaton

1977, Mizukawa e.a. 1978

Hermann e.a. 1975

II IT II

Kuypers e.a. 1979

fl II Tl

25



has been determined for horseradish peroxidase to be 72 mm/day

(LaVail and LaVail 1974) and for nerve growth factor from

mouse iris to the superior cervical ganglion 60 mm/day (Hendry

e.a. 1974).

Horseradish peroxidase appears to be localised in vesicles in

axons (LaVail and LaVail 1974) and in the cell body (Sotelo and

Riche 1974, Nauta e.a. 1975, Bunt e.a. 1976, LaVail and LaVail

1974).

like the antegrade transport, the retrograde transport can be in-

hibited by colchicine (Stöckel e.a. 1975, Hendry e.a. 1974,

Fillenz e.a. 1976). Nerve growth factor is selectively retrograde-

ly transported only in adrenergic systems, but not in sensor or

motor systems (Stöckel e.a. 1975). For horseradish peroxidase

(isoenzym B and C, Bunt e.a. 1976, basic component, Giorgi and

Zahnd 1973), tetanus toxin and cholera toxin (Stöckel e.a. 1976,

Stöckel and Thoenen 1975) such a selectivity does not appear to

exist.

The uptake of cholera toxin and tetanus toxin in nerve endings is

thought to be mediated by receptors, which are probably ganglio-

sides (Stöckel and "Ehoenen 1975, Stöckel e.a. 1976). Disrupted

axons also are able to take up substances: horseradish peroxidase

can be taken up in these axons and subsequently retrogradely

transported (Kristensson and Olsson 1976).

Some reports also have been made on the retrograde transport of

small molecules (table 1-1).

When transport is observed in the light microscope in living pre-

parations of axons, it is seen that particles make-salta-

tory movements, of which 10 move in retrograde direction to one

in the opposite direction. When 1 nM colchine or vinblastine is

added, the movements are 1/10 of the movements of preparations

without colchicine (Hammond and Smith 1977, Forman e.a. 1977) .
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1-7 Fast antegrade axonal transport of endogenous glyaoaonjugates.

Because this study is mainly focussed on the transport of endo-

genous glycolipids and glycoproteins, the fast antegrade axonal

transport of glycoconjugates will be described. Many authors agree

on the fact that glycoproteins are transported exclusively with

the fast axonal transport (Koenig e.a. 1973, Ledeen e.a. 1976,

Marko and Cuênod 1973, Fontian e.a. 1971, Forman e.a. 1972, .,.

McEwen e.a. 1971, Bennett e.a. 1973, Karlsson and Sjöstrand 1971b,

Levin 1977, Specht and Grafstein 1977). There is only one report

on H-acetylglucosaniine incorporated radioactivity that points

to:a slow rate of axoplasmic transport (Held and Young 1972) .

Retrograde transport of endogenous glycoproteins has, up -till :now,

not been thoroughly studied. As far as I know, tiiereis only one report on

the accumulation of fucosyl-glycoproteins distal to a ligature in

normal and regenerating nerves (Frizell e.a. 1976). This at least

indicates the possibility of retrograde transport of fucosyl-gly-

coproteins. Retrograde transport of identified glycoproteins has

also been established: exogenous peroxidase (table 1-1) as well as

dopamine-3-hydroxylase appear to be glycoproteins (Bunt e.a. 1976,

Brimijoin and Heiland 1976, Wallace e.a. 1974).

1-7-1 Fast antegrade transport.

The transport velocities in different systems (table 1-2) vary

between 50-400 mm/day, which correspond to the fast flow of the

axoplasmic transport (see Karlsson and Sjöstrand 1971a). The sub-

stances transported in this way, are glycoproteins (Bennett e.a. 1973

Barker e.a. 1975, Levin 1977, McLean e.a. 1975, Frizell and Sjöstrand

1974, Sjöstrand e.a. 1973, Forman e.a. 1972, Koenig e.a. 1973), sul-

phated glycoproteins and mucopolysaccharides, (Elam and Peterson

1976) and glycolipids (Sherbany e.a. 1979).

In autoradiographic studies using extraneuronally injected 3H-

fucose the paucity of axonal labelling and the accumulation after
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Table 1-2.

Axonal transport velocities after injection of glvcoconjugate
precursors.

reference

Forman e.a.
1972

Koenig e.a.
1973

Sjöstrand

e.a. 1973

Frizell
and Sjö-
strand
1974

McLean e.a.
1975

Levin 1977

Bennett
e.a. 1973

Held and
Young 1972

Elam and
Peterson

system

optic
system

EW nucl.
-•ciliary
ganglion

optic
system

hypo-
gloss,
vagus

vagus

loc.
coer.
-+hippo-
camp.

EW nucl.
•ciliary
ganglion

sciatic
nerve

olfacto-
ry nerve

species

goldfish

chicken

embryo
chicken
10, 13 and
18 days

rabbit

rabbit

rat

chicken

cat

garfish

precursor

H-fucose

H-fucose

3
H-fucose

H-fucose

H-fucose

H-fucose

H-fucose
3H-glucos-
amine

H-acetyl-
glucosamine

"veloc Lty (mm/day)

70-82

290

lOd embr 60
13d " 95-110
18a " 95-110

hypogl. 300
vagus 400

336

96 and 48

223-285

100 and *

206

V

1976

Sherbany
e.a. 1979

R2 neuron Aplysia
califor-
nica

H-galactos- 50
amine

For abbreviations, see table I-3b.
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short survival times of the radioactivity over regions that contain

nerve endings of the system used, are also indicative of a fast

rate of axonal transport of glycoproteins (Marchisio e.a. 1975,

Bennett e.a. 1973, Koenig e.a. 1973).

After injection of the sialic acid precursor N-l Hi acetyl-D-manno-
3

samine ( H-ManNAc) into the eye, accumulation of incorporated ra-

dioactivity also occurred at short survival times in the contra-

lateral optic tectum, containing the nerve endings of the injected

eye (Rahmann and Breer 1975, Rösner 1975, Rösner e.a. 1973a).

Because glycoconjugates are transported with the fast flow, one

expects -that the transported material will be particulate (see

page 22) .As shewn in table --I-3a,: this is indeed jthe case. 60%

and of ten more than 80% of the radioactivity was found to be par-

ticulate. Ambron e.a. (1974) found, that in the proximal part of

the axon there is less particulate radioactivity than more dis-

tally (40% vs 90%) . As far as TCA-PTA') soluble (low molecular

weight) radioactivity is concerned, the proximal axon contains

more than 50%, whereas distally the amount is not measurable.

With electron microscopic autoradiography (table I-3b), it was

observed that in Aplysia californica rapid transported radio-

activity from fucosyl-glycoproteins was associated with vesicles

(Thompson e.a. 1976) in the axon. For nerve endings, Bennett e.a.

(1973) and Koenig e.a. (1973) documented that radioactivity is

associated with regions that contain synaptic vesicles, synaptic

plasma membranes and axolemma. There are but few silver grains

over the axoplasma. Markov e.a. (1976) report on radioactivity

in nerve endings, that could be associated with longitudinal

tubes and might be part of the smooth endoplasmic reticulum.

These tubular structures had been made visible by heavy metal

impregnation in thick sections of 0.5 pm.

')TCA = trichloric acetic acid, PTA = phosphotungstic acid .
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Table I-3a.

Subcellular
biochemical

reference"

Forraan e.a.
1971

Forman e.a.
1972

Karlsson &
Sjöstrand
1971b

McEwen
e.a. 1971

Di Giambe-
rardino
e.a. 1973

Ambron e.a.
1974

Frizell &
Sjöstrand
1974

Edstrom &
Mattson
1972

localisation
techniques.

system

optic
system

optic
system

optic
system

optic
system

EW nucl.
-•ciliary
gangl.

R2
neuron

optic
system

sciatic
nerve

of fast transported glycoconjugates with

species
_____

goldfish

goldfish

rabbit

goldfish

chicken

Aplysia
califor-
nica

rabb i t

frog

precursor
-

H-glucos-
amine

H-fucose

H-fucose

H-fucose

H-glucos-
amine

H-glucos-
amine
3H-fucose

H-fucose

H-fucose

3
H-fucose

% part.
radioact.

65

9A-97
91-95

84-90

93
93
93
95

73

61

90(dist)
40(prox)

80

80

region
- ax/NE

NE

NE
ax

NE

NE
ax
NE
ax

NE

NE

ax
ax

NE

ax

For abbreviations see table I-3b.
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Table I-3b.

Subcellular localisation of fast transported glycoconjugates with
electron microscopic autoradiography.

region
ax/NE '

NE --

NE

ax

reference

Bennett e.a.
J973

Markov e.a.
1976

Thompson
e.a. 1976

system

EW nucl.
-»ciliary
gangl.

EW nucl.
-»ciliary
gangl.

R2 neuron

species

chicken

chicken

Aplysia
califor-
nica

precursor

3
- H-fucose

3
H-fucose

H-fucose

localis.
silver gr.

syn ves \ -
syn pi m
axolemma

SER

vesicles
SER

Abbreviations.

ciliary gangl
dist
embr
EW nucl
hippocamp
hypogloss
localis. silver gr
loc coer
part radioact
prox
region ax/NE

SER
syn pi m
syn ves
vagus

= ciliary ganglion
distal

= embryo
= Edinger Westphal nucleus
= hippocampus
= hypogl = nervus hypoglossus
= localisation silver grains
= locus coeruleus
= particulate radioactivity
= proximal
= region with axons or nerve endings of the

system used
= smooth endoplasmic reticulum
= synaptic plasma membrane
= synaptic vesicles
= nervus vagus

\.

1-7-2 Antegrade axonal transport of material of low molecular
weight.

3 3 3
After injection of H-fucose, H-glucosamine or H-ManNAc into a
variety of neuronal systems, soluble material can be recovered after
short survival times (18-48 hours) in regions that contain the axons
and nerve endings of the systems injected (Caputto e.a. 1979, Ambron
e.a. 1974, Popov e.a. 1976, Bdstrcm and Mattson 1972, table 1-4).
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Table 1-4.

Transport of low molecular weight material.

reference system precursor

UJ

M

Forraan e.a.
1971

Caputto
e.a. 1979

Ambron e.a.
1974

Popov e.a.
1976

Forman &
Ledeen 1972

Edström &
Mattson
1972

Rahmann &
Breer 1975

species

opt. syst.
goldfish

opt. syst.
chicken

R2 neuron
Aplysia
californica

hippoc.
rat

opt. syst.
goldfish

sciatic
nerve
frog

opt. syst

H-glucosam

3
H-ManNAc

H-fucose

H-fucose

H-ManNAc

H-glucosam

H-fucose

3H-ManNAc

treatment

TCA

TCA-PTA

TCA

TCA

dialysis

TCA

TCA

TCA

% sol/time/-
dist,

\prox
inj. - noninj .

30/12h/dist

0/3h/dist
O/5h/dist
I/8h/dist

2/24h/dist

12/24h/dist
85/24h/prox

% sol/time/-

inj •.'

dist
prox

40/3h/dist
24/5h/dist
2)/8h/dist

f'0/15h/dist
I3/I5h/int
53/15h /prox

;20/30h

5O'/24h/dist

15/17h/dist
80/17h/prox
6/17h/dist

,70/17h/prox



McEwen e.a.
1971

Karlsson &
Sjöstrand
1971b

Forman e.a.
1972

Rösner
1975

opt. syst.
goldfish

opt. syst.

opt. syst.
goldfish

opt. syst.
chicken

^H-glucosam.
„H-fucose
H-ManNAc

H-fucose

H-fucose

3H-ManNAc

TCA
TCA
TCA

TCA

TCA

TCA-PTA

28/24h/dist
l/2^h/dist
9/24h/dist

10/30h/dist

7|/24h/dist

62/24h/prox
20/24h/dist

Abbreviations.

dist
glucosam
h
hippoc
inj
int
ManNAc
noninj
opt syst
prox
PTA
sol
TCA

= distal
= glucosamine
= hours
= hippocampus
= injected
= intermediate
= N-acetyl-mannosamine
= noninjected
= optic system
= proximal
= phosphotungstic acid
= soluble
= trichloroacetic acid



Some authors used the optic system and corrected for systemic

labelling by subtracting the values measured in the uninjected

optic pathway (see page 20). According to Forman and Ledeen (1972)

and Caputto e.a. (1979),the spread of low molecular material is pri- ---"

marily due to systemic transport. However, McEwen e.a. (1971), _"„__•_

RahmannandBreer (1975), Forman e.a. (1971), Forman e.a. (1972)

and Rösner (1975) (see table 1-4) observed a considerable amount

of TCA soluble radioactive material in the injected optic nerve „

and tract, while the uninjected system contained less soluble

radioactivity. From this it was concluded, that systemic transport

alone cannot account for the TCA soluble radioactivity in the in-

jected system. The amount of TCA soluble radioactivity;rapidly

diminishes at a short distance from the cell body (Ambroh e.a.

1974, Edstron and Mattson 1972, Rahmann and Breer 1975, see also

page 23). Contrary to the TCA precipitable material the TCA solu-

ble material does not accumulate proximal to a ligature (Bdstrcm

and Mattson 1972). - -

Concerning the influence of drugs on the transport of TCA soluble

material,the results are conflicting. Forman e.a. (1971, 1972) and

Edström and Mattson (1972) report a 50% inhibition of TCA soluble

material after addition of cycloheximide, but Rösner e.a. (1973a,

1973b) do not observe any inhibition after injection of cyclo-

heximide. However, these latter authors mention inhibition of

transport of TCA soluble material with colchicine (Rösner e.a.

1973b). The inhibition of cycloheximide and colchicine of the

transport of TCA soluble material indicates that fast axonal trans-

port may be involved,but the possibility of diffusion of part of

the precursor into the optic nerve cannot be excluded.

1-7-3 Characterisation of incorporated radioactivity.

When injected H-fucose is incorporated in neuronal cell bodies,

the resulting material is not soluble in chloroform/methanol and

is therefore considered. to be glycoproteins(Edstrcm and Mattson
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1972, frog sciatic nerve, McEwen e.a, 1971, goldfish optic system).

When H-glucosamine is incorporated in neuronal cell bodies, 15-30%

of the resulting labelled material is soluble in chloroform/methanol

and is therefore considered to be glycolipid. In addition, more than 60% is

thought to be protein-bound (Edström and Mattson 1972, sciatic nerve

frog, McEwen e.a. 1971 and Forman e.a. 1971, goldfish optic system).

Radioactive material isolated after intraocular injection of

H-ManNAc consists for 2/3 of gangliosides (sialoglycolipid), and

for 1/3 of glycoproteins (Rahmann and Breer 1975, McEwen e.a. 1971,

Rösner e.a. 1973, Rösner 1975). Sherbany e.a. (1973) injected

H-galactosamine into a neuron of Aplysia. They found, that after

a survival time of 15 hours, \ of the radioactivity was bound to

glycolipids.

1-7-4 Peripheral synthesis ov modification of glycoaonjugates.

There has been much speculation about the site of the synthesis and

the possibility of modification of glycoconjugates outside the cell

body (Barondes 1974). Holm (1972) claims that the glycolipids

themselves are not axonally transported, but that the precursor is

incorporated into glycolipid locally in the axon. However, Sherbany

e.a. (1979) did not find incorporation of H-galactosamine into

lipid after injection of this precursor into a giant axon of

Aplysia. Moreover, injection of H-fucose into an Aplysia axon did

not result in the synthesis of fucosyl-glycoprotein either (Ambron

e.a. 1974). There are indications that glycoproteins can be modi-

fied during their fast axonal transport (Ambron e.a. 1974, Ambron

and Treistman 1977). Criterion for the change in the glycoprotein

in these studies was the change in rf in SD^polyacrylamid gel

electroforesis.

it
SDS = sodium dodecyl sulphate.
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1-7-5 Tvansneuponal transport.

Thompson e.a. (1976) injected H-fucose into the large L-10 cell

oody of the invertebrate Aplysia. They observed with autoradio-

graphy, that radioactivity was transported into the axon, but

moreover, that silver grains also accumulated over a cell bouy

that was situated at a distance of 50-75 \m. They explained this

by the passage of unincorporated fucose through an electrotonic

junction between an axon of L-10 and an axon of the other cell

body. The fucose would than travel in a retrograde manner to the

cell body to be incorporated into glycoproteins, which would then

be transported in an antegrade manner along the axon.

The results of Hermann e.a. (1975) with H-glucosamine injections

into a crayfish axon were similarly explained on the basis of

passage of unincorporated radioactivity through electrotonic junc-

tions. Transneuronal transport also had to be assumed in autora-

diographic studies of the optic system in various vertebrates, to

explain the observed distribution of the silver grains. Rëpêrant

e.a. (1976), Répêrant e.a. (1977), Casagrande and Harting (1975)

injected great amounts of H-fucose (up to 8 nCi per animal) or a

mixture of H-fucose and H-proline into the eye of the tree

shrew, various fishes or birds. Specht and Grafstein (1973, 1977)

used H-fucose in the optic system of mice. The transneuronally

transported tracers are again axonally transported by the second

cell. No specific explanation of the mechanism for the transneuro-

nal transport was given. These results are in contrast with those

of Bennett e.a. (1973), who mention few or no silver grains in cell

bodies that are bounded to nerve endings, in which radioactivity

accumulates.

1-7-6 Methods of injeotion.

The method of supplying the precursor is correlated with how it is

incorporated. Rösner e.a. (1973a) found a different ratio of lipid- to

protein-bound material after intracranial injection of H-ManNAc
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and intraocular injection. Arribron e.a. (1974) observed in their

autoradiograms, that silver grains accumulate preferentially over

the axon when H-fucose is injected into the cell body, and over

non-neuronal components when the nerve is incubated in vitro. When

a nerve is incubated in a medium containing H-galactosamine, pre-

dominantly glial cells are labelled. This is especially distinct

at short survival times (less than 30 minutes).

1-8 The use of axonal transport to demonstrate glycoaonjugate
synthesis in nerve endings.

It shouldbe clear from the foregoing information, that the localisation

of glycosyltransferases in brain is a matter of dispute, concerning

where the incorporation of sugars into glycoconjugates in neurons

takes place. As mentioned on page 19, subcellular fractionation is

not a suitable technique to solve this problem: since fragments of

the Golgi apparatus and synaptosomes appear in the same fraction,

it cannot be decided whether the incorporation of sugars occurs

only in the Golgi apparatus (which in neurons is confined to the

cell body) or also in nerve endings.

In our approach of this problem antegrade axonal transport was

used to distinguish between these possibilities.

When a suitable labelled precursor of glycoconjugates is injected

near the neuronal cell body, it will be taken up. In the cell body

the precursor can be incorporated into glycoconjugates at the Golgi

apparatus. Then the labelled glycoconjugates can be exported into

the axon and transported with the antegrade axonal flow to the

nerve ending. But it can also be imagined that free precursor

molecules will be transported with the axonal transport without

being incorporated at the Golgi apparatus. Results of Rösner e.a.

(1973a) indicated a possible axonal transport of low molecular

weight material after injection of the sialic acid precursor

N-I H acetyl-D-mannosarnine.

In the following experiments it will be attempted to show antegrade

axonal transport after injection of the precursor near cell bodies.
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An attempt was made to localise incorporated precursor material in

regions with nerve endings: a first step towards the localisation

of incorporated radioactivity in nerve endings. At the same time,

the presence of low molecular weight material in tissue that contain-

ed axons and nerve endings of the neuronal system, was verified at

different survival times. When low molecular weight material, pre-

sent in the nerve ending region of the neuronal system, becomes in-

corporated, and when incorporated material is localised at nerve

endings of the neuronal system used, then these demonstrations i --

would indicate a possible incorporation of precursor material at

t h e n e r v e e n d i n g s . • - ;- -•-;., .-•• •.-•-.....-,_;_., .-.."""

1-8-1 Static aoid dnd1:N^-j Hlaeetyl-D-fnannosamijte.--.-- - _

To study the biosynthesis of glycoconjugates as a whole is not

feasible. Thus attention was focussed on the final step in the

glycoconjugate synthesis of sialoglycoconjugates: the incorporation

of sialic acid into glycoconjugates. Since N-acetylneuraiainic acid

is a terminal sugar, it seems likely, that, when modification of

sugar moieties of conjugates occurs, sialic acid is one of the su-

gar residues involved. It has been established, that isolated

synaptosomal plasma membranes contain protein-bound sialic acid and

that these membranes are richer in gangliosides, (sialoglycolipids)

than any other subcellular fraction isolated up to now (Breckenridge

e.a. 1972). The presence of sialic acid in synaptic plasma

membranes therefore cannot be doubted.

Sialic acid itself was not used as a precursor, because the incor-

poration efficiency of this substance is very low (De Vries and

Barondes 1871). N-acetytoannosamine is generally used as a precur-

sor for sialic acid. It has been reported to be incorporated for

more than 80% as sialic acid in cell free systems

(Roseiaan 1962, Kolodny e.a. 1970) and in vivo in brain tissue

(Rösner e.a. 1973a) see fig. 1-2.
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Fig. 1-2.

Metabolism of amino sugars and sialic acids (after Warren 1972),
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1-8-2 The neuronal systems, used in this study.

The red nucleus of the rat v;as used for injection. This nucleus is

well defined and located in the mesencephalon. Its afferent and

efferent pathways are well known from the anatomical literature.

Of these, the brachium conjunctivum (afferent) and the rubrospinal

tract (efferent) were investigated. A description of the anatomy

is given below.

1-8-2-1 The red nucleus.

The red nucleus in the rat is found as an egg-shaped aggregation

of neurons on both sides of the midline, deep in the midbrain

tegmentum. It extends in the cauclorostral direction from a point

just caudal to the exit of the oculomotor nerve to the level of

the descending fibres of the fasciculus retroflexus, which is

situated at its rostral pole (Reid e.a. 1975a). Its shape is oval

in parasagittal and horizontal sections and round to oval in trans-

verse sections. In rostrocaudal direction the red nucleus measures

1200-1500 vim; its width is 1000-1200 pm and its height 800 wn

(Reid e.a. 1975a, Brown 1974a).

The neurons in the red nucleus can be classified according to size,

distribution, contents of organelles and nucleus/cytoplasm ratio.

Using those criteria, several authors distinguish three or four

cell types. Reid e.a. (1975a, b) divide the neurons in giant

(> 40 um) , large (26-40 \\m), medium (20-25 \im) and small cells

(< 20 pm). Large and giant neurons have distinct Nissl bodies and a

smooth nuclear membrane without indentations. Medium sized neurons

generally do not have as many Nissl bodies; sometimes the nuclear

membrane has indentations. The small cells have a nucleus/cyto-

plasm ratio that is much higher than that of the other cell types;

the nuclear membrane shows many infolds and Nissl bodies are

scarce.

The position of these different cell types in the red nucleus
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is different. Giant and large cells are predominantly located in the

caudal one third of the red nucleus and in the ventrolateral part

of its caudal half (Massii.n 1967, Reid e.a. 1975a). Small and

medium sized cells are located in the rostral third. In the middle"

third, intermingling of cells of all types occurs. The rostral -Ï~;

part also contains, however, some large neurons and the caudal

part contains a few small neurons.-The boundaries ofamagno-

cellular and parvocellular part of the rat red nucleus are there-

fore difficult to determine, although these parts can be distin-

guished as the caudal and rostral part of the nucleus,respective-

ly,on the basis of predominant cell type (Massion 1967, Reid e.a.

1975a).

1-8-2-2 The vubrospinal tract (fig. IS).

One of the most important efferent fibre tracts is the rubrospinal

tract, which has been described by many authors in various mammals

including the rat (see for references Massion 1967, who mentions

more than 40). All its fibres cross (Massion 1967, Waldron and

Gwyn 1969, Brown 1974b, Miller and Straninger 1973, Edwards 1972,

Nyberg-Hanssen and Brodal 1964, Murray and Haines 1975, Murray e.a.

1976, Martin e.a. 1974) just caudal to the red nucleus in the ven-

tral tegmental decussation (Massion 1967, Murray and Haines 1976,

Miller ans Strominger 1973, Waldron and Gwyn 1969). The fibres

descend in the brain stem, through the lateral leminiscus and then

pass into the lateral funiculus, where they occupy its dorsolateral

part. The axons can be traced into the lumbar part of the cord

(Massion 1967, Waldron and Gwyn 1969, Murray and Haines 1975, Murray

e.a. 1976, Nyberg-Hanssen and Brodal 1964).

The tract terminates in the intermediate gray matter of the cervi-

cal thoracic and lumbar cord. In the cat, these terminals are

located (Nyberg-Hanssen and Brodal 1964) in laminae 3V,- V, VI and

VII of Rexed (1952, 1954); for the opossum in laminae IV, V and VI

and the dorsal part of laminae VII; and in the rat in the ventral

part of laminae V, laminae VI and the dorsal part of laminae VII
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tract

Fig. 1-3

Rubrospinal tract, brachium conjunctivum and uncinate fasciculus,

Abbreviations.

D = dentate nucleus
F = fastigial nucleus
I = interposed nucleus.

(Castro e.a. 1977, fig. 1-4). Potpeiano and Brodal (1957) proposed

a samatotopic organisation for the origin of rubrospinal fibres in

the cat. Fibres that project to the cervical region of the cord are

primarily located in dorsal and dorsonedial portions of the contra-

lateral red nucleus, and fibres with terminations in the lumbar spi-

nal cord originate from ventral and ventrolateral rubral regions.

These findings were substantiated by Nyberg-Hanssen and Brodal
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Rubrospinal
tract

Fig. 1-4

The sites of termination of rubrospinal fibres in laminae V, VI and
VII in the cat. Brödal (1969).

(1964) and have been confirmed with neurophysiological methods

(Ghez 1975, Shinoda e.a. 1977). A similar soroatotopical arrangement

appears to be present in the lesser bushbaby (Murray and Haines

1975) and the tree shrew (Murray e.a. 1976) .

Corresponding somatotopical projections have been described for the

cerbellorubral connections (Voogd 1964, Courville 1966).

All authors agree that cells in the caudal part of the red nucleus

show marked retrograde degeneration after interruption of the ru-

brospinal tract (Massion 1967). Sometimes a small degeneration of

cells in the anterior region of the nucleus was perceived. An ori-

gin of the rubrospinal tract from the entire red nucleus re-

ceives support from antegrade degeneration studies (Brown 1974b,

Waldron and Gwyn 1969, Martin e.a. 1974, Murray and Haines 1975,

Murray e.a. 1976). However, Miller and Strominger (1973) concluded that

in the rhesus monkey no degeneration of the rubrospinal tract

occurred when the lesion was so far rostral as to spare the magno-

cellular part. Recently, studies have been carried out with retro-

grade axonal transport of horseradish peroxidase. Kneisley e.a.

(1978) concluded that there are no reacting cells in the parvo-

cellular red nucleus after injection of horseradish peroxidase into

the spinal cord of the monkey. However, on the other hand, Crutcher e.a.

(1978) in similar experiments in the opossum, described reacting
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cells with a diameter of 27-EO ym both in the caudal and the rostral

part of the red nucleus. Perhaps the origin of the rubrospinal tract

is different in various species.

1-8-2-3 The bpaahium conjuctivum, fig. IS.

Of all afferent connections of the red nucleus, the brachium conjunc-

tivum is the most important. Many authors have described this con-

nection (see for review Massion 1967). These fibres originate in

nuclei in the cerebellum. In various animals and also in the rat

(Korneliussen 1968) three cerebellar nuclei are found: the fastigial,

the interposed and the dentate nucleus (Massion 1967).

The fastigial nucleus is located medially, the dentate nucleus lat-

rally and the interposed nucleus inbetween. For the purpose of

this study, it was not necessary to subdivide the nuclei.

All authors agree that the fastigial nucleus does not project to

the red nucleus. Its ascending efferent fibres run more dorsally,

(ventrolaterally to the central gray matter of the mesencephalon)

(Massion 1967, Voogd 1964, Cohen e.a. 1958, Angaut and Bowsher 1970,

Batton e.a. 1977, Harper and Heath 1973) to more rostral areas, such

as the thalamus. Most of the ascending fastigiofugal fibres are

crossed.

Nearly all studies show that the connections between the interposed

and dentate nuclei and the red nucleus are exclusively crossed

(Massion 1967, Faull and Carman 1978, Flumerfelt and Caughell 1978,

Caughell and Flumerfelt 1977). Chan-Palay (1977) also shows some

uncrossed fibres.

When lesions are placed in the interposed and dentate nuclei, or

when the lesion is made in the superior cerebellar peduncle, degene-

rated nerve terminals are observed throughout the contralateral red

nucleus, both in the magnccellular and the parvocellular parts (Qwyn

and Flumerfelt 1974, Faull and Carman 1978). In the magnocellular

part the terminal degeneration is most dense (Faull and Carman 1978).

Part of the degenerating fibres pass through the red nucleus and have

their terminations more rostrally, predominantly in the thalamus
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(Faull and Carman 1978, Caughell and Flumerfelt 1977).

A somatotopical organisation in the cerebellorubral projection

exists (see also description rubrospinal tract): the anterior part

of the interposed nucleus sends fibres to the dorsolateral part of

the red nucleus, while fibres of the posterior part of the nucleus

interpositus end in the ventromedial area (Voogd 1964). However,

there is also a mediolateral difference in organisation in the

anterior part of the nucleus interpositus: the medial part projects

to the posterior third of the red nucleus and the lateral part

projects to the medial part (Courville 1966).

Concerning the dentate nucleus, some authors state that this nucleus

projects exclusively to the anterior part of the red nucleus (Angaut

and Bowsher 1965, Courville 1966, Flumerfelt e.a. 1973, Caughell

and Flumerfelt 1977), but other results indicate that projections

in both parts of the red nucleus occur (Voogd 1964, Chan-Palay

1977). Finally, it should be remarked, that the brachium conjunc-

tivum is defined as the large, distinctly outlined, crescentic

group of fibres in the superior cerebellar peduncle which origi-

nates from the ipsilateral interposed and dentate nuclei (Faull

and Carman 1978). The crossed efferents of the fastigial nucleus

are not regarded as belonging to the brachium conjunctivum.

1-8-2-4 Advantage of the red nucleus.

The use of the red nucleus and its most important afferent and

efferent pathways in axonal transport experiments offers distinct

advantages. Antegrade and retrograde axoplasmic transport can be

easily distinguished. Moreover, the complete decussation of the

axons and the great distance between nerve endings and the injec-

tion site, diminishes the chance of unnoticed diffusion of material

from the injection site into the area of terminations of the tract.
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1-9 The aim of this study.

To demonstrate the possibility of incorporation of sialic acid

into nerve endings of the rubrospinal tract after antegrade

axonal transport, several questions have to be solved. In this

framework, the following problems were investigated:

1. Whether axonal transport occurs,

2. In which direction this axonal transport takes place.

This is necessary, because possible retrograde transport has

consequences for interpretation of experiments ori antegrade

transport.-

3. Whether -antegrade axonally transported radioactivity is

localised in the region containing rubrospinal nerve endings

in low or high molecular weight material.

4. Whether the ratio low/high molecular weight radioactive

material in the rubrospinal nerve ending region changes in

the course of time.

In chapter II the unexpected finding of retrograde axonal trans-

port is reported. Chapter III is devoted to antegrade axonal

transport along the rubrospinal tract and other modes of trans-

port from the red nucleus to the spinal cord. In chapter IV the

characterisation of the radioactivity transported to the spinal

cord is reported. Low and high molecular weight compounds were

analysed at different survival times.
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C H A P T E R I I

RETROGRADE TRANSPORT OF RADIOACTIVITY ALONG AXONS OP ASCENDING

CEREBELLAR PATHWAYS AFTER INJECTION OF N-[_ HJ ACETYL-D-MANNOSAMINE

INTO THE MESENCEPHALON OF THE RAT."

3fc) * ) ' )
Loopuijt,-L.D., Hooghwinkël, G.J.M. and Voogd, J .

'Department of Medical Chemistry, Faculty of Medicine, Vrije

Universiteit, van der Boechorststraat 7, Amsterdam and

Laboratory of Anatomy and Embryology, Faculty of Medicine,

Rijksuniversiteit Leiden, Wassenaarseweg 62, Leiden.

I I - l SUMMARY.

1. Either the sialic acid precursor N- H acetyl-D-mannosamine
3 ~

( H-ManNAc)or horseradish peroxidase (HRP) or both were injected

into the mesencephalon of 15 rats.

2. Localisation of radioactivity was performed by light microscopic

autoradiography, HRP was histochemically localised with 3,3'-

diaminobenzidine.

3. After injection of either H-ManNAc or HRP, cell bodies in the

central cerebellar nuclei were filled with radioactivity or HRP

respectively. When the injection needle had reached the red

nucleus, labelled cell bodies were found almost exclusively in

the contralateral interposed and dentate nucleus. When the needle

had reached the tegmentum, reacting cells were found in the ipsi-

lateral fastigial nucleus and at times additionally in the inter-

posed and dentate nuclei.
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4. Since HRP is known to be transported retrogradely, a similar

localisation of radioactivity accumulating cell bodies and HRP

reacting cells in the central cerebellar nuclei,lead us to the

conclusion that radioactively labelled ManNAc or its derivates

are also retrogradely transported in this system.

5. There seem to be two possibilities for label uptake in afferent

axons; 1. uptake into axons which are disrupted by the injection

needle and 2. uptake by intact nerve endings or axons.

6. After injection of H-ManNAc, the neuropil of central cerebellar

nuclei shows a higher concentration of silver grains than the

surrounding white matter, especially in regions with distinct

labelled cell bodiesv This could be due. to labelled dendrites of

reacting cell bodies, or possible transneuronal transfer after

retrograde transport.

II-2 INTRODUCTION.

The existence of intra-axonal transport has been extensively described

(Lasek 1970, Droz e.a. 1973, Bennett e.a. 1973 and Bisby 197G). tost

reports are concerned with antegrade transport, from the cell body to

the nerve endings. The reverse, transport from nerve endings to the

cell body, the so-called retrograde transport, has been described for

some exogenous macromolecules, such as:horseradish peroxidase (HRP)

(Kristensson e.a. 1971, Lavail and Lavail 1974 and Nauta e.a. i975),

tetanus toxin (Schwab and Thoenen 1977), antibody to dopamine-3-

hydroxylase (Ziegler e.a. 1976 and Fillenz e.a. 1976),and nerve growth

factor (Hendry e.a. 1974 and Iversen e.a. 1975 ).

Some time after injection, those macromolecules can be shown to be

present in the cell bodies that received an injection at their nerve

endings. Because of the authors' interest in the fate of sialic acid,

a terminal carbohydrate residue of glycoconjugates, the N-

ace ,ylneuraminic acid precursor N- HJ acetyl-D-mannosamine ( H-ManNAc)

was studied. Of this precursor it is known, that it is readily in-
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corporated into sialoglycoconjugates (Roseman 1962); more than

of the radioactivity incorporated into these conjugates, was found

to be bound to sialic acid.

There are sonva indications of axonal transport of radioactivity

when H-ManNAc is injected into the eye of various animals (Rahmann

and Rösner 1973, Rösner e.a. 1973 and Rösner 1975).

In this study, the precursor of sialic acid was injected into the

direct vicinity of the red nucleus, a group of cell bodies in the

mesencephalon. Various efferent and afferent connections of this

nucleus have been described. The main afferent pathway of the red

nucleus" is" the brachium conjunctivum,- running in the superior

cerebeUarpeduncle.-The brachium conjunctivum originates from the

contralateral dentate and interposed nuclei (Cohen e.a. 1958,

Voogd 1964, Courville 1966, Massion 1967, Caughell and Flumerfelt

1977, Flumerfelt and Caughell 1978 and Faull and Carman 1978) .

In the present paper, it is described that, after injection of

H-MariNAc into the mesencephalon, radioactivity accumulates in cell

bodies of the central cerebellar nuclei in the same way as HRP does,

when HRP is injected into the mesencephalon. These results are inter-

preted as evidence of retrograde axonal transport of radioactivity

after injection of H-ManNAc.

II-3 MATERIALS AND METHODS.

Fifteen male Wistar rats weighing 180-230 g,8 months old, v/ere anaesthe-

tized with an intraperitoneal injection of Nembutar^ (Abott, France,

30 mg/kg), administered in a volume of 0.2 ml. Injection into the red

nucleus and mesencephalon occurred with the aid of a stereotactic

device using coordinates from the atlas of König and Klippel(1963).

The brain was approached dorsally. The needle was positioned verti-

cally. The injection was performed with a 10 yl Hamilton syringe with

a removable Teflon coated needle which had an outer diameter of 0.35 mm.

The material that was to be injected was dissolved on 0.6 yl of a

solution, that contained 0.067 M phosphate buffer of pH 7.2 and
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0.9% NaCl. The time required for injection varied from 6-36

minutes, the velocity from 1 pi per 10 minutes to 1 pi per hour.

II-3-1 °H-ManNAc injections. -.._

Seven rats were injected with 30 pCi H-ManNAc (spec, radioact.

500 rtCi/mmol Amersham, England) and one rat (A37) with 60 'pCi

II-ManNAc as described above. The rats were allowed to. survive

24 hours. Intracardiac perfusion was carried out according to the

method of Holt and Hicks (1961). The brain was taken out and

immersed in the perfusion fluid for an additional 24 hours and

rinsed for 24-48 hours in water.

After rinsing,a few brains (rats A117, A118, A119 and A123) were

frozen in liquid nitrogen, cut in 16 pin sections with a cryostate

microtome and mounted on slides prepared with chrome-alum-gelatin

solution. Other brains were embedded in 10% gelatin (Merck),

which was then hardened in 4% formalin in 0.067 M phosphate

buffer with 25% sucrose. When the embedded brains sank to the

bottom of the flasks, they were frozen with solid CCL and kept

at -70 °C. These brains were cut into 24 pm sections on a freezing

microtome and mounted on slides prepared with chrome-alum-gelatin

solution. For autoradiography slides were dipped in a liquid

emulsion (Ilford K5 or G5) according to Vrensen (1970) and exposed

in the presence of silicagel at 4 °C for 3-7 weeks. Finally,they

were developed with D-19 developer and counterstained with cresyl

fast violet (Gurr) as described by Romeis (1968).

II-3-2 HRP injections.

Three rats were injected with HRP (Boehringer, Grade I) in a con-

centration of 30% (w/v) as described above. The rats were

allowed to survive 2 days and were then perfused with 500 ml of a

fluid that contained 1.25% glutardialdehyde (Merck), 2% formaldehyde

(Merck 4003) and 0.1 M citrate buffer , pH 7.2. Brains were taken

out, embedded in 10% gelatin (Merck) which was hardened
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in formalin 4% (Merck 4003) during 5 hours and thereafter kept at

4 °C in 0.1M citrate buffer , pH 7.2 , that contained 30% sucrose.

On a freezing microtome sections of 40 ym were cut.

The reaction for the identification of peroxidase activity was

essentially that described by Graham and Karnovsky (1966), except

that phosphate buffer was substituted for Tris-buffer (pH 7.6) .

The sections were incubated for 45 minutes in a freshly prepared

solution of 45 mg 3,3'-diaininobenzidine (Sigma) in 150 ml Tris-buffer,

to which 0.3 ml of a solution of 30% hydrogen peroxide had been

added. The sections were washed with the same Tris-buffer and mounted

in gelatin on slides (Ahlbrecht 1954).

II-3-3 Injections of 3H-ManNAc plus HRP.

Four rats were injected into the red nucleus and mesencephalon as

described above with a mixture of H-ManNAc and HRP. Two of them

survived 2 days, the other two rats 1 day. The procedure was followed

as described for the HRP injections. Part of the 40 ym sections were

processed for the demonstration of HRP as described before, part of

the sections were processed for autoradiography as described above

for the H-ManNAc injections. A third group of sections was processed

to demonstrate HRP, Consequently,a carbon film was evaporated upon

the section under vacuum and the sections were additionally processed

for autoradiography. In these cases the sections were not counter-

stained.

II—3—4 H-teucine injections.

Two rats were injected with 25 yCi [3Hj-leucine (3H-leu, spec, radio-

act. 58 Ci/mmol, Amersham, England) during 36 minutes into the red

nucleus as described above. The rats survived 24 hours, the brains

were taken out and the tissue was processed as described for the

H-MariNAc injections (method with gelatin embedding).
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II-3-5 Demarcation of the injeation sites.

The extent of the area around the injection site that had been

reached by HRP or H-MariNAc was mapped in serial sections by means

of photographs of the sections (Agfa CPTN and CPP). The extent of--'

the area with silver grains in the injection site was observed

under dark field illumination, except for rat A37 which was ob- ..

served with bright field illumination. The central cerebellar nuclei

were methodically scanned for the presence of HRP containing cell

bodies, or accumulation of silver grains over cell bodies. These

cell bodies were mapped on photograps of the sections.

II-3-6 Determination of N-aaetylneuvtuninic acid in nevoous tissue.

To check the loss of bound sialic acid during formalin fixation of

nervous tissue, rats were killed by bleeding and the spinal cord

was taken out, while the tissue was kept at 4 °C. The spinal cord

was then cut transversely on a gel slicer (Joyce Loebl) in slices

of 1 mm. The slices were divided in two groups. The first group

stayed for 24 hours in buffered formalin (a solution containing

4% formaldehyde, 0.067 M phosphate buffer of pH 7.2 and 7.5% sucrose)

and successively in the slices and in the formalin solution neuraminic

acid was determined according to Warren (1959). For the second

group of tissue slices the N-acetylneuraminic acid content was

determined without previous formalin fixation.

II-4 RESULTS.

Since formalin is known to split off (gradually over a rather long

period) neuraminic acid from its conjugates (Suzuki 1965 and Roukema

1967), the method of processing the tissue without the embedding in

gelatin and the hardening in the formalin/sucrose solution (see

materials and methods), has the advantage that the tissue is kept

no longer than 24 hours in the formalin solution, so that the loss

of sialic acid is kept minimal. On the other hand, the preservation
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of the itorphology is better with gelatin enibedded tissue, but with

this method the tissue is o_eft for three or more days in a formalin

solution.

It was checked, whether a stay of 24 hours of tissue of the central -

nervous system in formalin had an effect or the liberation of sialic

acid in that tissue. Spinal cord tissue, without fixation, contains

53.8 pg per 100 rag wet weight. After fixation, the amount of sialic

acid is 50,6 yg per 100 mg wet weight. This means a slight loss,

only 6%, of sialic acid during fixation in buffered formalin. Rats

A117, A119. A118 and A123 were processed without gelatin embedding,

the rest were embedded in' gelatin.

II-4-1 H-ManNAo injections, survival tirre 24 hours.

In the injection site, it was observed with, dark field illumination,

that near the spot where the injection needle had been situated,

the concentration of the silver grains is highest and that, at a

greater distance of that spot, the concentration of silver grains

decreases gradually. Therefore, the boundaries as indicated in

figs. II-1A, II-1B, II-9, II-10A and II-10B by dotted lines, are

arbitrary. The number of silver grains observed in the area with the
2

highest concentration is more than 82 per 100 ym , while at more

peripheral areas 25-82 silver grains per ICO ym are observed.

Exposition time of these autoradiograms was 3 weeks. Using these

criteria, it can be seen from figs. II-1A end II-IB, that the area

reached by radioactivity is rather large. The velocity of injection

does not seem to have much influence on the spread of the radio-

activity: the velocity of injection in rats A117, A118, A119 and

A123 was 1 yl per 20 minutes and in rats A134, A135 and A136

1 yl per hour (figs. II- 1A and II-IB).

In the central cerebellar nuclei (their morphology has been de-

scribed by Korneliussen 1968), in four of the seven injected rats,

accumulation of silver grains over cell bodies was observed. It is

likely, that the accumulation of silver grains occurs over the

cytoplasm and does not involve the cell nucleus (fig. II-2).
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A 1 3 5 3H_ManNAc

I

Fig. II-IB.
Fig. II-1A and fig. II-1B.

3
Injections of 30 yCi H-ManNAc. Survival time 24 hours. Drawings
after photographs of serial sections of the area of the injection
site and the central cerebellar nuclei. The distribution of the
silver grains was drawn after images with dark field illumination.
Numbers indicate numbers of sections. Bars represent 1 mm.
In the central cerebellar nuclei of rats A119, A134 and Al35 no
accumulation of silver grains could be observed (fig. II-IB).
S S 9 H H = tissue damaged by the injection needle.
Ir.UV.v.r.v".::!) = silver grains, high concentration.
1:::::: :Tj = silver grains, lower concentration.

£ = cell body with accumulation of silver grains.
O = cell body with accumulation of HRP.

Abbreviations: C = caudal, cgm = central gray matter, d = nucleus
dentatus, dlh = dorsal hump region, f = nucleus fastigius, i =
nucleus interpositus, LM = leminiscus medialis, p = pons, R =
rostral, rf = reticular formation, rm = red nucleus, magnocellular
part, rp = red nucleus, parvocellular part, s = superior colliculus,
sn = substantia nigra, III = nucleus of the oculomotor nerve.
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Accumulation of silver grains over proximal dendrites can also be

shown (fig. II-3). Comparing the densities of the silver grains

over the neuropil of the central cerebellar nuclei and the white

matter dorsal to it, it can be observed that in nearly all cases,

including injected rats without accumulation of silver grains over

cell bodies, the density is higher over the neuropil (fig. II-4,

fastigial nucleus). In rat A123, the silver grain densities were

very weak and the above mentioned difference between gray and white

matter was not observed.

Still higher concentrations of silver grains are present over the

neuropil immediately surrounding labelled cell bodies (figs. II-2,

II-3, II-4, II-5 and II-6). This coulS be readily observed in ex-

periments A136 (medial part of the contralateral interposed nucleus),

A154 (contralateral interposed and fastigial nucleus) and A117 (ipsi-

lateral fastigial nucleus). In A118 both perikaryal and neuropil

labelling were present in ipsilateral fastigial nucleus, but at the

contralateral side strong labelling over the neuropil of the inter-

posed nucleus was present without concomitant labelling of cell

bodies. In experiment A123 labelling was very weak and no accumula-

tion of silver grains around the labelled cell bodies was observed.

In rats A119, A134 and A135 no labelled perikarya were present and

local accumulations of silver grains over part of the central nuclei

were not observed.

Special attention is given to the spot where the injection needle

has been situated. In one case (fig. II-1A), the injection needle

has been placed in the magnocellular part of the red nucleus (A136).

In six other cases the track of the needle is located caudal to the

red nucleus (figs. II-1A and II-1B, A123, A117, A118, A119, A134 and

A135). Independent of the spot of injection,in all cases radioactivi-

ty has reached a large area, including one (A123, A117, A118, A119

and A135) or both (A136 and A134) red nuclei.

In 4 of the 7 cases accumulation of silver grains can be observed

over cell bodies of the cerebellar nuclei: the interposed nucleus in

3 cases (figs. II-IA, II-2 and II-6),the dentate nucleus in 2 cases

(fig. II-1A) and the nucleus fastigius (figs. II-IA, II-3 and II-5)
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Fig. II-2.

Accumulation of silver grains over cell bodies in the nucleus
interpositus, 24 hours after injection of ^H-ManNAc into the red
nucleus. Note that part of the cell body, probably the cell
nucleus, does not show an appreciable amount of silver grains.
Bar represents 0.05 mm. Exposure time of the autoradiogram
3 weeks.
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Fig. II-3.

Nucleus fastigius, accumulation of silver grains over cell body,
24 hours after injection of %-ManNAc into the mesencephalon.
Also a dendrite seems to be filled with radioactivity. Bar rep-
resents 0.05 mm. Exposure time of the autoradiogram 5 weeks.
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i Fig. II-4.

Nucleus interpositus with bright field (A) and d.nrk field (B) illu-
mination, 24 hours after injection of ^H-ManNAc into the red nucleus.
Note that the neuropil of the nucleus interpositus contains a higher
concentration of silver grains than the surrounding white matter,
i = nucleus interpositus, f = nucleus fastigius. Bar represents
0.15 mm. Exposure time of the autoradiogram 3 weeks.
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Nucleus fastigius4 wiöi btfïght 'Jiöld, ,(A) and dark field (B) illumi-
24 hours "S&t̂ er injectiori^fefv °H-ManNAc into the mesencephalon.

Note the bright a'ccHmulation of %|jJ5/%r= grains- over cel l bodies.
Bar represent-s 0.15; mm. Exposur/^é^-év.pjjr Lrie,,autoradiogram 5 weeks.
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reacting cells occur in the lateral part of the interposed

nucleus. The fastigial and dentate nucleus are devoid of

reacting cells.

A123. The needle track is localised in the central gray matter, at

its lateral edge. Its ventral tip is situated dorsocaudal to

the red nucleus, and ventrolateral to the central gray matter

(fig. II- 1A). Radioactivity has reached magno- and parvo-

cellular parts of the red nucleus, reticular formation, central

gray matter on one side, and both nuclei of the oculomotor

nerve. The central cerebellar nuclei shows accumulation of sil-

ver grains over cell bodies in the contralateral interposed nu-

cleus (but also a few cells at the ipsilateral side), in the

contralateral dentate nucleus and the caudal part of the nu-

cleus fastigius at the ipsilateral side (fig. II-1A).

A117. The needle track is located laterally in the central gray

matter. The tip of the needle track is situated in the reticu-

lar formation, ventral to the central gray matter, and dorsocaudal

to the red nucleus (fig. II-1A). Radioactivity reaches the red

nucleus, the central gray matter and the reticular formation

at the ipsilateral side, and the nuclei of the oculomotor nerve

on both sides.

In the central cerebellar nuclei few reacting cells can be ob-

served in the contralateral interposed and fastigial nucleus

and also in the ipsilateral fastigius, the caudal part of it.

A118. The needle track is situated laterally in the gray matter as

described for A123. The tip of the needle track is situated

dorsocaudal to the red nucleus in a comparable way as described

for A117, but the track is situated more caudal (fig. II-1A).

In the central cerebellar nuclei reacting cells are found in

the ipsilateral nucleus fastigius, predominantly in its caudal

part.

A119. The needle track does not traverse the central gray matter, but

lateral to it. The ventral end of the track is situated ventro-

lateral to the central gray matter and dorsocaudal to the red

nucleus. Radioactivity is spread over the magnocellular part
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Fig. II-Ö.

Nucleus interpositus with bright field (A) and dark field (B) illu-
mination, 24 hours after injection of 3H-ManNAc into the red nucleus.
Note the bright accumulation of silver grains over cell bodies,
i = nucleus interpositus. Bar represents 0.4 mm. Exposure time of
the autoradiogram 5 weeks.
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of the ipsilateral red nucleus, the reticular formation and

the superior colliculus at the ipsilateral side and the nuclei

of the oculomotor nerve both on the ipsi- and contralaterai

side (fig. II-1B). -v..;; ..•". _ : _

In the central nuclei no accumulation of silver grains can be

observed (exposition times of the autoradiograms 3, 5 and.7

weeks) (fig. II-IB).

A134. The needle track crosses the central gray matter at equal dis-

tances to the aquaduct and the lateral edge of the central

gray matter. The tip,of the^needle track is situated ventro-

lateral to the gray matter, dorsocaudal to the red nucleus.

Radioactivity; occurs at both^red nuclei, reticular formation,

central gray matter, both nuclei of the oculomotor nerve and

a small part of the superior colliculus (fig. II-1B).

In the central cerebellar nuclei no accumulation of silver

grains over cell bodies can be observed (exposition times of

the autoradiograms 3 and 5 weeks).

A135. The needle track courses the central gray matter: the track

being at about equal distances to its lateral edge and the

aquaduct. Radioactivity reaches the red nucleus at the ipsi-

lateral side, and both nuclei of the oculomotor nerve. The tip

of the needle track is situated in the central gray matter,

dorsocaudal to the red nucleus. No accumulation of silver

grains over cell bodies of the central cerebellar nuclei can

be observed (the exposition times of the autoradiograms was 3

and 5 weeks) (fig. II-1B).

These results show, that reacting cells occur in the contralateral

interposed nucleus when the needle track is situated in the magnocel-

lular part of the red nucleus, and that labelled cells in the fastigial

nucleus occur, when the needle track crosses the central gray matter

at its lateral edge and the ventral end of the needle track is

situated ventrally to the lateral edge of the central gray matter.

A37. This animal received an injection of 60 yCi, an amount that is

twice that of the other H-ManNAc injected animals. During the

injection the volume was identical, the concentration of
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3H-ManNAc was twice as high. The track of the injection needle

crosses the central gray matter at equal distances to the

lateral edge of it and the aquaduct (fig. II-7). The tip of

the needle just reaches the magnocellular red nucleus. Radio-

activity reach' both red nuclei, a large area of the reticu-

lar formation, the superior colliculus, the nuclei of the

oculomotor nerve on both: sides, :and a large area of the central

gray natter (fig. II-7).: (The borders of the area of silver

grains are in this case determined with bright field illumi-

nation. :The 'area with the highest concentration represents

within the dotted line .more than 200 silver grains per
2 "-' "".'f'". : • •" • • - V -,:- - - ; - •' .--

100 rym -7 the imore peripheral area ̂represents _'a. silver grain7 - -- , - - -̂ -----r_-:___ - _ r_.-__-_—_- 2

concentration of 125-200 silver grains per 100 ym ).

The central cerebellar nuclei show a great number of react-

ing cells, at the contralateral nucleus interpositus and

dentatus and the caudal part of the fastigial nucleus at the

contralateral side. Numerous reacting cells can also be found

in the nucleus interpositus at the ipsilateral side, in

the caudal fastigial nucleus and a few reacting cells are

found in the ipsilateral dentate nucleus.

II-4-2 HRP injections, survival time 48 hours.

Near the spot where the injection needle has been situated, dark

brown material can be observed. This reaction product, known to be

due to HRP activity, has a granular appearance. The area reached

by the product is much smaller than that of radioactivity after

H-MariNAc injections. In the three animals injected, accumulation

of abrawn reaction product in cell bodies of the central cerebellar

nuclei can be observed (fig. II-8)as well as awell described granular

appearance within the cell bodies and proximal dendrites.

Description of the individual animals:

A150. The track of the injection needle courses through the central

gray matter near its lateral border and terminates dorsal
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A 37 3H.ManNAc

Fig. II-7.

Injection of 60 yCi H-ManNAc. Survival time 24 hours. Drawings
after photographs of serial sections of the area of the injection
site and of the central cerebellar nuclei. The distribution of
the silver grains was drawn after images with bright field illumi-
nation. Numbers indicate numbers of sections. Bars represent ! mm.
For abbreviations and symbols, see legend to fig. II-1A.

to the magnocellular part of the red nucleus. At the injec-

tion site, the HRP is localised as a narrow cylinder around

the needle track and hardly reaches the red nucleus

(fig. II-9).

This injection results in labelled cell bodies in the contra-

lateral fastigial nucleus (caudal part) and in the interposed

nucleus (caudal part). One labelled cell was found in the den-

tate nucleus.
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Fig. II-8.

Nucleus interpositus, 48 hours after injection of HRP into the
mesencephalon. Reaction product has accumulated in cell bodies.
Note its granular appearance. Proximal dendrites are also
stained. Bar represents 0.05 nun.

A152. In this case/the needle track is situated more laterally

(fig. II-9), does not touch the central gray matter and

terminates dorsal to the red nucleus (magnocellular part),

more lateral than in A150. The HRP reaches the reticular

formation and the outermost dorsolateral part of the red

nucleus (magnocellular part). In this case, very few cells

in the cerebellar nuclei are labelled.

A151. In rat A151 the needle track going through the central gray

natter at its lateral edge and passing the reticular forma-

tion, terminates just dorsal to the medial leminiscus and

passes the caudalmost part of the red nucleus lateral

(fig. II-9). The HRP reaches a relatively large area that

includes the magnocellular red nucleus and a small part of

the parvocellular red nucleus. In the central cerebellar nuclei

it was observed that the contralateral interposed nucleus

(predominantly its caudal part) contains reacting cells and

also the dentate nucleus. The fastigial nucleus contains a
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Fig. II-9.

Injections of HRP. Survival time 48 hours. Drawings after photo-
graphs of serial sections of the area a£ the injection site and the
central cerebellar nuclei. The distribution of the reaction product
of HRP was drawn under bright field illumination. Numbers indicate
numbers of sections. Bars represent 1 mm.
For abbreviations and symbols, see legend to fig. 11-1A»
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few cells on both sides. The interpositus and dentate nucleus

and dorsal hump region also show a few reacting cells at the

ipsilateral side.

When the injection needle is localised ventrolateral to the lateral

edge of the central gray matter, it can be observed that accumulation

of HRP occurs in cell bodies of the nucleus fastigius and caudal

interpositus. When the needle crosses the central gray matter lateral,

and the tip of the track is situated ventral to the red nucleus,

reaching the decussation, the nucleus interpositus and dentatus are

labelled predominantly at the contralateral side, although few react-

ing cells occur at the ipsilateral side. A more lateral placed injec-

tion needle without -HRP in the red nucleus "results in but a few react-

ing cells.

3II-4-3 Injections with a mixture of HRP mid H-ManNAa, survival

time 24 hours (A1S5, A1S6) or 48 hours (A153, A154).

Comparing the injection sites of HRP and H-ManNAc in the four

animals injected with a mixture of HRP and H-ManNAc, the area

reached by radioactivity is much larger than the region reached by

HRP (figs. II-10A and II-10B). Also there is a difference in the area

reached by radioactivity, in a survival time of 2 days (A153, A154)

and 1 day (A155, A156), the former being larger, of which the border

is not easily to determine, the latter somewhat smaller.

Description of individual rats with a survival time of 24 hours.

A155. The experiment shows a needle track which passes lateral to the

central gray matter and terminates dorsal to the magnocellular

red nucleus. A small area of HRP surrounds the tip of the needle

track (fig. II-10A). Radioactivity reaches a relatively large

area, but only the ipsilateral half of the brainstem. The area

of the red nucleus, in which the magnocellular and parvocellular

part shade off into each other, is reached by radioactivity.

In the cerebellar nuclei no labelled cells, neither with HRP nor

with radioactivity, were observed.

75



I
<
o



A154 HRP
A154 3H-ManNAc

'~ ï&\-w

A153 HRP
A 153 3H_ManNAc

Fig. II-10B.

Fig. II-10B and fig. II-10A.

Injections with an HRP- H-ManNAc mixture. Survival time was 48 hours (fig. II-lOB) or 24 he
(fig. II-10A). Drawings after photographs of serial sections of the area of injection site
the central cerebellar nuclei. The distribution of silver grains was drawn after images wi
dark field illumination. The numbers refer to section numbers. Bars represent 1 mm.
In rat A153 no accumulation of silver grains over central cerebellar nuclei could be obser\
In the central cerebellar of rat A155 no accumulation of HRP or silver grains could be obsc
In the cerebellar nuclei of A156 no accumulation of silver grains could be observed.
For abbreviations and symbols see legend to fig. II-1A.
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A156. The needle track passes through the central gray matter and

terminates lateral to the caudal end of the red nucleus. HRP

reaches a relatively large area including the magno- and parvo-

cellular part of the red nucleus (fig. II-10A). The radio-

actively labelled area is larger and also includes the whole

red nucleus. In this experiment, radioactively labelled cells

could not be detected in the central cerebellar nuclei (expo-

sition time of the autoradiograms 3, 5 and 6 weeks), but HRP

reacting cells were found in the contralateral interposed,

dentate and fastigial nucleus and also in the ipsilateral

fastigial nucleus.

Description of individual rats with a survival time of 48 hours.

A153. The needle track has reached the decussation of the brachium

conjunctivum, caudal to the red nucleus, passing through the

lateral quarter of the central gray matter. The HRP has

reached but a narrow cylinder around the needle track. Silver

grains can be found over nearly the entire mesencephalon

(fig.II-10B). Cell bodies with HRP accumulation are found in

the three different central cerebellar nuclei on both sides.

No cells with silver grain accumulation were observed (expo-

sition time of the autoradiograms 3, 5 and 6% weeks).

A154. The needle track passes through the central gray matter,

fairly lateral, and reaches the reticular formation caudal to

the red nucleus. The area reached by HRP is large and includes

the magnocellular and parvocellular red nucleus. The area of

the radioactivity is still larger, including the magnocellular

and parvocellular red nucleus on both sides. Both HRP and radio-

actively labelled cells are found, in the contralateral nucleus

interpositus, dentatus and fastigius. The ipsilateral fastigial

nucleus shows few HRP reacting cells (fig. II-10B). The observed

HRP reacting cells seem to outnumber the radioactively labelled

cell bodies. A few sections were reacted upon HRP, mounted on

slides and finally processed for autoradiography (see materials

and methods). In these sections observations were made of cells

which are filled with HRP and additionally show accumulation of
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silver grains (fig. 11-11)•

Thus, Jcie laterodorsal placed injection needle, in which neither radio-

activity nor HRP reached the red nucleus (Al55), gives no reacting

cells at all in the central nuclei. Two other experiments result in

HRP filled cell bodies, but no accumulation of silver grains can be

found (A153, A156). One experiment (A154) shows HRP filled as well

as radioactively labelled cells. In the latter case HRP filled and

radioactively filled cells are localised in comparable manner. More-

over, it was shown (fig. 11-11) that the same cell can be filled

with HRP and radioactivity simultaneously,

II-4-4 Injections with H-leu, survival time 24 houvs.

Two rats received an injection of H-leu. These rats are shown in

fig. 11-12. It can be observed, that the area reached by radio-

activity is smaller than that of animals that received a H-ManNAc

injection. The area over which accumulation of silver grains over

cell bodies could be observed was chosen as labelled area. The area

inside the interrupted line contains a much higher silver grain den-

sity than in the case of H-MariNAc.

And the boundaries of the radioactively labelled area at the site of

injection are more prominent, that is to say, that, going from the

labelled center to the periphery, the concentration of silver grains

decreases abruptly.

Description of individual rats.

A157. The needle track passes lateral to the central gray matter

(fig. 11-12), the tip of the track being situated dorsal to

the parvocellular part of the red nucleus. Radioactivity has

reached the reticular formation, a small part of the central

gray matter and the red nucleus. The rostral part of the red nu-

cleus is almost entirely labelled as is the dorsolateral part of

the magnocellular red nucleus. In the central cerebellar nuclei

no accumulation of silver grains over cell bodies can be ob-

served (fig. 11-13), but silver grains appear scattered

over the neuropil in the interposed nucleus contralateral to
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Fig. 11-11.

Nucleus interpositus, 48 hours after injection of a mixture of
•%-ManNAc and HRP into the mesencephalon. Accumulation of silver
grains (A) is shown over cell body and reaction product of HRP
(B) in the same cell body. The section was not counterstained.
Incubation with diaminobenzidine. Bar represents 0.02 mm.
Exposure time of the autoradiogram 5 weeks.
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Fig. II-12.

Injection of 25 yCi H-leu. Survival time 24 hours. Drawings after
photographs of serial sections of the area of the injection site and
the central cerebellar nuclei. The distribution of silver grains in
the injection site was drawn after images with bright field illumi-
nation, the distribution in the central cerebellar nuclei was drawn
after images with dark field illumination. Numbers refer to section
numbers. Bar represents 1 mm.
For abbreviations and symbols, see legend to fig. II-1 A.
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Fig. 11-13.

Nucleus interpositus, 24 hours after injection of H-leu into the
red nucleus. No accumulation of silver grains over cell bodies.
Bar represents 0.05 mm. Exposure time of the autoradiogram 3
weeks.

the injection site (figs. 11-12, 11-13), in the rostrolateral

part of the nucleus.

A159. The needle track passes lateral to the central gray matter and

to the nagnocellular part of the red nucleus (fig. 11-12). The

tip of the needle track reaches into the medial leminiscus.

Radioactivity has reached almost the entire red nucleus except

its outermost dorsomedial part.

In the central cerebellar nuclei no accumulation of silver

grains can be observed, but silver grains appear scattered

over the neuropil in the rostral part of the nucleus inter-

positus, contralateral to the injection site (fig. 11-12).

The scattered silver grains in the neuropil of the contralateral nu-

cleus interpositus, observed in both leucine injected rats, point to

an efferent connection from the injection site to the rostral nucleus

interpositus.
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II-5 DISCUSSION.

The results of experiments in which rats were injected with H-

ManNAc into the mesencephalon show in some cases accumulation of

radioactivity in the cell bodies of the central cerebellar nuclei.

The localisation of these cell bodies is comparable to the locali-

sation of HRP filled cell bodies of the central cerebellar nuclei

after injection of HRP into the mesencephalon (fig. IÏ-1A, fig. II-9

and figs. II-10A and II-10B). Cell bodies in which both HRP and radio-

activity were accumulated could be shown (fig. 11-11). These observa-

tions suggest, that radioactivity derived from H-ManNAc ends up in

cell bodies of the central cerebellar nuclei in the same way as HRP

does. The means of transport of HRP is kncwn to be retrograde axonal

transport (Kristensson e.a. 1971 and LaVail and LaVail 1974) .

The afferent pathway of the red nucleus to the interposed and den-

tate nucleus has been described for various mammals (Cohen e.a. 1958,

Voogd 1964, Courville 1966, Massion 1967, Nakamura and Mizuno 1971,

Flumerfelt e.a. 1973, Gwyn and Flumerfelt 1974, Caughell and Flumerfelt

1977, Flumerfelt and Caughell 1978 and Faull and Carman 1978).

The interposed and dentate nucleus send part of their fibres rostral

to the mesencephalon. They run as the brachium conjunctivum (as

defined by Faull and Carman, 1978) in the superior cerebellar peduncle,

cross in the mesencephalic-metencephalic junction, caudal to the red

nucleus. Part of the brachium conjunctivum projects to the red nucleus,

part of it runs more rostral to end in the thalamus.

The morphology of the central cerebellar nuclei has been described by

Korneliussen (1968) for the rat. His description was followed for the

following structures: the dentate, interposed and fastigial nucle-

us and , in some cases, the dorsal hump region. More subdivisions of

the irentioned structures '/ere not discerned. The dorsomedial crest

region was considered tc ')e part of the interposed nucleus.

In the three different central cerebellar nuclei, the nucleus inter-

positus, dentatus and fastigius of some animals, accumulation of radio-

activity or HRP was observed. The results of these animals will be

discussed for each nucleus separately.
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II-5-1 NuaLULLS inburpouitins.

In experiments shown in fig. II-1A and fig. II-10B, radioactivity-

filled cell bodies are shown in the contralateral interposed nucleus

(A136, A123, A117, A154). HRP injected rats also show reacting cells

in the contralateral nucleus interpositus (fig. II-9 and fig. II-10B,

A150, A151, A153, A154, A156) . These results can be explained by

retrograde axonal transport of labelled material to the interposed

nucleus. In case A150 however, (fig. II-9) hardly any HRP has reached

the red nucleus. Thus, it is likely, that in this case interpositus

efferents, that run to more rostral areas, have bean disrupted and

that those disrupted axons have transported HRP retrogradely. It has

been documented, that disrupted axons are able to transport HRP retro-

gradely (Kristensson and Olsson 1976). Therefore, the results of rat

A150 can be explained by assuming that HRP accumulating cell bodies in

the contralateral interposed nucleus does not necessarily mean that up-

take of HRP in intact nerve endings in the red nucleus takes place.

Therefore, it cannot be concluded whether radioactivity, after injec-

tion of H-ManNAc, has been taken up in intact nerve endings in the

red nucleus or in disrupted axons running dorsal to the red nucleus.

In some cases, it can also be observed that the interposed nucleus,

ipsilateral to the injection site, contains cell' bodies filled with

radioactivity (A123, fig. II-1A) or HRP (A151, fig. II-9 and A153,

fig. II-10B). In view of the fact that all authors agree that the

interpositorubral pathway is completely crossed, this effect can be

explained by retrograde axonal transport in axons that are disrupted

in the decussation by the injection needle. A153 is an especially

clear example of disruption in the decussation (fig. II-10B).

II-5-2 Nucleus dentatus.

Reacting cells were seen in the dentate nucleus contralateral to the

injection site incases A117, A123, A150, A152, A154, A153 and
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A156, figs. II-IA, II-9, II-10A and II-1OB). Also, cells with HRP

accumulation can be observed, ipsilateral to the injection site

(Albl, A153, figs. II-9 and II-10B). This was probably caused by

interruption of axons in the decussation by the injection needle.

II-5-3 Nucleus fastigius.

Ascending fibres originate in the caudal part of the nucleus

fastigius (Batton e.a. 1977, Angaut and Bowsher 1970 and Jansen

1956). According to the literature, the fibres leave the nucleus

and cross the midline in the cerebellum via the uncinate fasciculus.

They are found more rostrally in the superior cerebellar peduncle,

dorsomedially to the brachium conjunctivum. In accordance with Faull

and Caiman (1978), efferents from the nucleus fastigius are not con-

sidered to be part of the brachium conjunctivum. In the midbrain

the brachium conjunctivum appears more ventrally and the ascending

branch of the uncinate fasciculus runs dorsal to the brachium conjunc-

tivum. In the monkey it was described, that part of the fibres run

adjacent to the central gray matter (ventrolateral to it) and a second

group of neurons run adjacent to the medial geniculate body (Batton e.a.

1977). In the midbrain of the cat,a bundle of efferent fastigial fibres

is described by Angaut and Bcwsher (1970) as running along the ventro-

lateral border of the central gray matter, and a bundle ventromedial to

it, running dorsal to the brachium conjunctivum. Terminations occur in the

superior colliculus on both sides (Batton e.a. 1977, Angaut and Bowsher

1970 and Voogd 1964) and in the thalamus. All authors agree, that there

are no terminations in the red nucleus.

The rats which show reacting cells in the nucleus fastigius after in-

jections of either HRP or H-ManNAc, all show a needle track that

passes through the superior colliculus at the lateral edge of the

central gray natter and terminates ventrolaterally to the central

grayrnatter (for H-IlanNAc rats A123, A118, fig. II-1A; and A154 , fig.

II-10B andfor HRPratsA150, A151,fig.II-9 and A153, A154, A156, figs.

II-10A and II-10B). Labelling in the fastigial nucleus occurs

86



3
ipsilaterally to the injection site in rats A118, A117, A123 for H-

ManNAc and in rats A151, A153, A154, A156 for HRP and,contralaterally

in rat A117 for 3H-ManNAc and in rats A151, A154 and A156 for HRP. The

reacting cells occur predominantly in the caudal part of the fastigial

nucleus. Thus, it is probable, that injected material has been taken up

either by nerve endings in the superior colliculus or by disrupted axons

of the ascending branch of the uncinate fasciculus, and was subsequently

transported retrogradely. Apparently, the uncrossed ascending projection

of the fastigial nucleus is more extensive than has been hitherto re-

ported in the literature.

II-5-4 Negative results.

In some rats, no reacting cell bodies could be observed at all in the

central cerebellar nuclei (for H-ManNAc A119, A134, A135, fig. II-1B

and for HRP A155 and a]nost A152, fig. II-9) . The position of the

needle track is lateral to the central gray matter in A119, A155 and

A152 (figs. II-1B, II-9 and II-10A), in A134 and A135 the track is

quite medial as compared to the described experiments that do have

reacting cell bodies. The tip of the needle track is also quite dorsal

compared to the other experiments. No axons running from the cerebellar

nuclei to the thalamus are disrupted in these cases (axons belonging to

the brachium conjunctivum run ventrally and those belonging to the un-

cinate fasciculus are situated at the ventrolateral edge of the central

gray matter). That radioactivity in the red nucleus in cases A119, A134

and A135 (fig. II-1B) does not result in reacting cells in the dentate

or interposed nucleus could have two reasons: 1. uptake in intact nerve

terminals is not possible or 2. the concentration of label does not

reach the level at which radioactivity can be taken up in measurable

amounts.

The absence of radioactively labelled cells in the cerebellar nuclei

in cases A153 and A156 (figs. II-10A and II-10B), in which a mixture

of H-ManNAc was injected, cannot be explained by the position of the

injection needle. It is possible that either the concentration of the

radioactivity was too low for uptake, which is probable in case A153,
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or that uptake of ""H-ManNAc in the presence of HRP is less than

without HRP, so that a more prelonged survival time of 48 hours is

needed to clearly show the accumulation of radioactivity (A156,

fig. II-10A).

II-5-5 Uptake of °H-ManNAa op its aevivates.

It has been shown, that with this method of injection into the

mesencephalon, label can accumulate bilaterally in cell bodies of

the dentate and interposed nuclei (radioactive label in A123, fig.

II-1A, HPP in A151, fig. IÏ-9 and A153, fig. II-10B). In these rats

the needle track disrupts axons in the decussation of the brachium

conjunctivum. It seems likely therefore, that accumulation in the

ipsilateral dentate and interposed nuclei is caused by uptake of

radioactivity by damaged axons.

However, labelling of cell bodies in the contralateral interposed

nucleus does not necessarily mean that the label has been taken up

by intact nerve endings in the red nucleus (A150, fig. II-9). The

question remains, whether radioactivity derived from H-ManNAc, can

be taken up by intact axons or by nerve endings. Rat A37(fig. II-7) was

injected with H-ManNAc in a concentration which was twice as high as

that in the other rats that received an H-ManNAc injection. In this

case, we see bilateral labelling of cell bodies in the interposed and

dentate nuclei. Although the needle track does not touch the decussa-

tion, the label has spread from the injection site into the caudal

part of the mesencephalon and to the contralateral side in an area

containing the red nucleus. The injection site in A37 is very similar

to that of A136 (fig. II-1A) and A154 (fig. II-10B) in which only

contralateral cell bodies are labelled. From these cases, it seems

likely that, at sufficiently high concentrations,uptake of H-ManNAc

or its derivates by :i.ntact axons or nerve endings can take place. When

this is true, then the negative results of the rats A119, A134 and

A135 (fig. II-1B), in which no accumulation of radioactivity over cell

bodies could be shown, could be explained by the following: the concen-

tration of the label over the fibres of the brachium conjunctivum in
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its decussation and in the red nucleus is not sufficient to cause up-

take and retrograde axonal transport of such a quantity, that the accumu-

lation of radioactivity in cell bodies can be observed with the light

microscope. The system of the brachium conjunctivum was also used by

Fluraerfelt and Caughell (1978). They report on accumulation of HRP in

cell bodies of interpositus and dentate nucleus after injection of HRP

into the red nucleus of the rat. Their results are interpreted as retro-

grade axonal transport along the brachium conjunctivum. The phenomenon

of retrograde axonal transport, resulting in accumulation of material

in cell bodies of afferents, has been described for more exogenous macro-

molecules in different systems: tetanus toxin (Schwab andThoenen 1977),

antibody to dopamine-6-hydroxylase (Ziegler e.a. 1976 and Fillenz e.a.

1976), andnerve growth factor (Hendry e.a. 1974and Iversene.a. 1975).

Accumulation of radioactivity in cell bodies of afferents after in-

jection of low molecular precursor molecules has been reported for

H-glucosamine and H-glycine in the crayfish (Hermann e.a. 1975).

Here the precursor molecule was injected into the lumen of the axon

(the axoplasm), so that no information was obtained over possible up-

take of these precursors into intact nerve endings or axons.

II-5-6 Rubvooerebetlaï1 connections.

After injection of H-leu into the red nucleus, no accumulation of

radioactivity in cell bodies of the central nuclei was found (fig.

11-13). The accumulation of radioactivity in cell bodies after injec-

tion of H-ManNAc is therefore not dependent on the neuroanatomical

system used, but rather on the kind of precursor molecule. However,

the presence of silver grains over the neuropil of the central nuclei

both after injection of H-leu and H-ManNAc into the red nucleus,

points to an antegrade transport of both substances. In fact, a rubro-

cerebellar connection has been shown to exist in the cat by Erodal and

Gogstad (1954), Courville and Brodal (1966) and Davis (1969). Its

fibres detach from the rubrospinal tract in the pons and do not belong

to the brachium conjunctivum. In accordance with the results in this study,

it was found to terminate in the rostral part of the interposed nucleus
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(Courville and Brodal 1966). The fact that the terminations in

case A157 (fig. 11-12) are restricted to the lateral part of the

interposed nucleus, could be due to the fact that these connections

are topically organised, since only the dorsolateral part of the

magnocellular red nucleus was labelled in this experiment. - ..-..

In almost all animals that were injected with H-ManNAc (those

without labelled cell bodies included), the neuropil of the central

cerebellar nuclei showed a higher silver grain density~than the

adjacent white natter (e.g, the fastigial nucleus in.fig.* II-4).

This labelling is probably the result of non-axonal transport (e.g.

diffusion, transport by the blood).'The-cause of the difference in

the"labelling of gray and"• white"'natter remains uncertain.

In-parts of the cerebellar nuclei,.-where^radidactiyely, labelled cells

are situated, the neuropil is more densely labelled than in the

remaining parts of these nuclei. This was observed for all nuclei

involved in retrograde transport, as well contralateral and ipsilat-

eral to the injection site. This high- density labelling seems to be the

consequence of retrograde transport and is likely to be due to labelling

of the fine dendrites (fig. II-2). Perhaps transneuronal transport also

plays a role.Transneuronal transport has been described by Schwab e.a.

(1970) for tetanus toxin.

Another explanation of the relation between the high neuropil label and

radioactivity accumulating cell bodies could be antegrade axonal trans-

port, successive transneurohal transport and uptake intojcell bodies.

This is very improbable, because after injection of H-leu, neuropil

labelling is restricted to the rostral part of the interposed nucleus,

while neuropil and cell body labelling occurs in all nuclei after in-

jection of H-ManNAc.

In one case (A177), strong neuropil labelling occurred in the contra-

lateral interposed nucleus Vithoüt concomitant accumulation of silver

grains over cell bodies. This could possibly be the result of ante-

grade transport.
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C H A P T E R III

Antegrade transport of radioactivity along rubrospinal tract axons

after injection of N- H acetyl-D-mannosamine into the red nucleus.

III-l SUMMARY.

Antegrade axoplasmic transport along axons of the rubrospinal tract

of tritiated compounds was studied after injection of N- H acetyl-

D-mannosamine into the red nucleus of the rat with autoradiography.

Rats were divided into three groups: I. Animals injected with

H -leucine and having a long survival time. In these animals -the

anatomy of the rubrospinal tract was studied using slow axonal

transport. II. Animals injected with N- H acetyl-D-mannosamine into
- L J r3 -i

the red nucleus. III. Animals injected with N- H acetyl-D-mannosarnine

into the hippocampus and/or thalamus, serving as a control. It is

expected, that in these animals no antegrade transport through the

rubrospinal tract has taken place.

Autoradiography of the spinal cord in the group I animals with

H -leucine injections showed distinct labelling of the axons in

the contralateral, dorsolateral part of the lateral funiculus. A

faintly labelled area, probably containing nerve endings of the

tract, is localised in the contralateral laminae V, VI and VII

(Rexed's nomenclature).

Group II animals show an even distribution of silver grains over

white and gray matter of the cord. Slightly more label iu found

over the gray matter and over the contralateral laminae I, II, III,

IV, V and VI the highest silver grain density is found. In group III

the silver grains are evenly distributed all over the cross section

of the spinal cord. The gray matter is slightly more labelled.

For unilateral injections of N- H acetyl-D-mannosamine into the

red nucleus, in which more than a certain critical amount of the
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precursor was administered, statistical analysis of grain counts

in spinal cord sections was performed separately for the individual

rats. This reveals that, after injection of H -leucine or

[31 —

H acetyl-D-mannosamine, the region of the contralateral rubro-

spinal tract shows a higher silver grain density than other regions

of the white matter. This difference cannot be shown in thalamus

and/or hippocampus injected animals. In the gray matter no distinct

differences can be shown between the nerve ending region of the

injected rubrospinal tract and other regions of the gray matter.

Although the results of the grain counts over the white matter

indicate that antegrade axonal transport along rubrospinal axons

occurs, the rather even distribution of silver grains over spinal

cord sections in N- H acetyl-D-mannosamine injected animals is

indicative of other forms of transport of the radioactive label

from the injection site to the cord, such as: retrograde axonal

transport, diffusion and systematic transport along the blood stream.
III-2 INTRODUCTION.

Many reports exist of fast axoplasmic transport of glycoproteins

in which H-fucose or H-glucosamine was used as precursor

(Kbenig e.a. 1973, Forman e.a. 1971, Bennett e.a. 1973, Karlsson

and Sjöstrand 1971, Levin 1977, Specht and Graf stein 1977).

Since N- H acetyl-D-mannosamine ( H-ManNAc) is incorporated

for more than 80% as sialic acid into glyccconjugates (Roseman

1962, Kolodny e.a. 1970, Rösner e.a. 1973), H-ManNAc can be con-

sidered as a precursor for glycoproteins and glycolipids. Conse-

quently, it was used in some neurochemical studies on fast axo-

plasmic transport (Rahmann and Breer 1975, Rösner e.a. 1973,

Rösner 1975, Forman and Ledeen 1972, McEwen e.a. 1971). In these

studies biochemical techniques were used; in addition, one study

on axoplasmic transport exist, in which the fate of H-ManNAc is

described with light microscopic autoradiography (Rahmann and

Rösner 1973).
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We started this study to obtain more information about possible

antegrade axonal transport of H-ManNAc or its labelled derivates,

using the technique of light microscopic autoradiography.

As a system we used the rubrospinal tract of the rat. This system has

been extensively described in anatomical studies with degeneration

techniques (Massion 1967, Waldron and Gwyn 1969, Brown 1974) and

light microscopic autoradiography (Edwards 1972).

The localisation of H-ManNAc was determined in the cervical spinal

cord and compared with the distribution of H-leucine ( H-leu) after

injection of these precursors into the red nucleus. H-leu is known

to be transported by slow and fast antegrade axonal transport

(Lasek 1970). Nearly all authors agree that for glycoproteins

these components are exclusively transported by the fast antegrade

transport (Koenig e.a. 1973, Ledeen e.a. 1976, Marko and Cuénod

1973, Forman e.a. 1971, Forman e.a. 1972, McEwen e.a. 1971, Bennett

e.a. 1973, Karlsson and Sjöstrand 1971, Levin 1977, Specht and

Grafstein 1977).

Short survival times of 24 hours were therefore used in case of

H-ManNAc injection. This time interval should be sufficient to

carry the injected label from the red nucleus to the cervical

spinal cord, a distance in our rats of 20-25 mm, with the fast

axonal transport. The cervical spinal cord of these rats was then

examined for distribution of labelled material. With longer survi-

val times the distribution of H-leu induced radioactivity after

completion of the slow transport was studied. The slow axonal

transport was chosen, because the labelling of axons is more dis-

tinct with the slow than with the fast flow under the same circum-

stances. Other rats were injected with H-ManNAc into the thalamus

and hippocampus, regions which do not project upon the spinal cord;

in these cases no antegrade axonal transport into the spinal cord

should occur.

The study of antegrade axonal transport of H-ManNAc or its deri-

vates is complicated by the recent demonstration of retrograde
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transport of H-ManNAc or its derivates (chapter II). The speed

of the latter transport does not seem to differ much with the fast

antegrade flow.

The silver grain densities over the crossed rubrospinal tract and

its area of terminations in the intermediate gray were estimated

and compared to other parts of the white and gray matter of the

cord, by direct observation of the sections with dark field il-

lumination and by grain countings.

In order to assess the importance of retrograde transport from the

red nucleus to the cervical spinal cord, the cervical spinal cord

of rats injected with horseradish peroxidase into the red nucleus

was studied. In the statistical evaluations of the grain countings

of H-ManNAc injected animals the possibility of retrograde trans-

port was taken into account.

When autoradiography is compared to biochemical results used in

studies of transport of labelled precursors injected into the brain,

it must be kept in mind that the fixation used in the autoradio-

graphic procedure is not necessarily as effective on the small

precursor molecules as on glycoproteins and glycolipids, which have

incorporated the radioactive label. Experiments were devised to

show the influence of formalin (the fixative used in our studies)

on the binding of H-ManNAc to spinal cord tissue of the rat. In

order to get some ideas on the magnitude of extraneuronal system-

atic transport of H-ManNAc through the blood stream, blood samples

were taken and analysed.

Ill-3 MATERIALS .AND METHODS.

III-3-1 Injection procedure.

In twenty-two eight-month old male Wistar rats, 180-250 gr, precursors

were stereotactically injected. The procedure has been described in

chapter II. The rats were, not in a random manner, distributed over

3 groups:
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I. Six rats were injected with 10-25 yCi H-leu (Amersham, England,

spec, radioact. 58 Ci/nimDl) into the red nucleus. These rats were

allowed to survive for 35-70 days.

II; Six rats were injected with 30 yCi H-ManNAc (Amersham, England,

spec, radioact. 500 mCi/mrool) into the red nucleus.

Survival time of the animals was 24 hours.

Ill; Ten rats were injected in the thalamus and hippocampus with

30 uCi H-ManNAc (Amersham, England, spec, radioact. 500 mCi/mmol).

These rats survived 24 hours. These numbers of rats were sufficient

to result in at least three properly injected (see III-3-6)rats.

III-3-2 Histology and autoradiography.

At the end of the survival period, the rats were intracardially

perfused with phosphate buffered formaldehyde (4%) fixation fluid,

as described by Holt and Hicks (1961). The brain and spinal cord were

taken out, postfixed for 17-24 hours in the perfusion fluid, frozen

with solid CO2 and kept at -70 °C or -40 °C. Diecephalon, mesence-

phalon, cervical spinal cord (C3 and C4) (and on some occasions

snetencephalon and medulla oblongata) were cut on a freezing micro-

home in sections of 24 ym, mounted on slides and dipped in Ilford

smulsion G5 or K5, according to Vrensen (1970). Sections of the brain

were exposed for 3 weeks at 4 °C. Spinal cord sections, marked ipsi-

lateral to the injection site, were usually covered with scintillation

fluid (Durie and Salmon 1975) and exposed at -70 °C. The length of

exposure was between 8 and .20 weeks.

In 15 rats, plastic sections instead of freeze sections of the cervi-

cal cord were prepared. Part of the cervical spinal cord (C3 or C4)

remained for 17 hours in the perfusion fluid and was postfixated in

0s04 1%, dehydrated through ethanol and embedded in Araldite. Sections

of 3 urn were cut with a glass knife, mounted on slides, covered

with a carbon film and dipped in Ilford nuclear emulsion K5 (diluted

with distilled water 1:1, Vrensen 1970). Half of the sections was

coated with Instagel (Packard, diluted 1:10 with distilled water) and

all Araldite sections were exposed at -70 °C.

As controls, light exposed autoradiograms and autoradiograms of the
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brains of non injected animals were processed.

After exposure, the sections were processed as described in chapter

II- The Araldite sections were not counters tained.

To determine the right exposition time, it was necessary to estimate

the amount of radioactivity in the spinal cord. After perfusion,

part of the cervical spinal cord was sectioned with a gel slicer

(Joyce Loebl) in slices of 1 mm that were dissolved in Soluene

(Packard) and counted in a liquid scintillation counter (Packard)

with scintillation fluid according to Bruno and Christian (1961).

III-3--3 Blood.

Blood samples were taken from the H-ManNAc injected rats just

before perfusion. Each sample of 100 \A was treated with 0.5 ml of

hydrogen peroxide 35% in 0.75 ml Soluene (Packard) and 0.75 ml of

isopropanol . It was then counted in a liquid scintillation counter

(Packard) with scintillation fluid according to Bruno and Christian

(1961).

III-3-4 Fixation of possible pvbcuvsor molecules.

Frozen spinal cord of rats, which had not been injected or perfused,

was allowed to thaw at room temperature, sectioned in slices of 1 mm

on a gel slicer (Joyce Loebl) and injected with 0.5-1 yl of a solu-

tion that contained 0.02 yCi/yl. The slices were separately fixed in

formalin solution that had the composition of the perfusion fluid.

After a stay of 24 hours in the fluid at room temperature, the tissue

was dissolved in Soluene (Packard) and counted in the liquid scin-

tillation counter as described above.

Samples of the fixation fluid were also counted.

III—3-5 Demarcation of injection sites.

Serial sections of the area of the injection site were drawn from

photographs as described in chapter II.
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°H-leuaine. The injection sites of H-leu, after a long survival time

do not show up very distinctly in autoradiograms. Therefore the

boundaries of the injection sites were determined by dark field

illumination and supplementary data were obtained by grain counting.

These counts were performed with an ocular micrometer of 10 x

10 mm at a magnification of lOOOx (Olympus microscope, type FH,
2

objective Plan 100/1.25, ocular WF lOx), corresponding to 5084 ym .
2

A grain density of more than 10 silver grains per area of 60,84 ym
2

(0,1 silver grain per grid area of 6084 ym ) was considered to be

labelled (exposure time of the autoradiograms was 3-5 weeks at 4 °C).

H-ManNAa. In the autoradiograms of the injection sites of H-ManNAc

the silver grain density gradually decreases from the center to the

periphery, therefore the boundaries, depicted in the figures with

dotted lines, are arbitrary. The boundaries demarcating areas with

high and low grain densities, indicated in the photographs, there-

fore are arbitrary. They were drawn from observations under dark

field illumination supplemented with grain counting. The counts

were performed as described above. Only the properly injected (see

III-3-6) rats were depicted. In rats numbered A117, A119, A123, A146,

A141 and A128 high concentrated dots represent more than 50 silver
2

grains per 60,84 ym and the low density dots 12-50 silver grains per
2

60,84 urn (figs. III-6 and III-9). These values are for A144 resp.

10-20 silver grains and 1-10 silver grains per 60,84 ym and for A148
2

and A149 resp. 10-40 and 1-10 silver grains per 60,84 ym . The expo-

sure time of the autoradiograms was 3-5 weeks at 4 C. Therefore,

observations under dark field illumination with supplementing grain

counts were indispensable.

III-3-6 Criteria for selection of animals used for grain counting

in the spinal sovd.

Because we are interested in the axonal transport along the rubro-

spinal tract, the magnocellular part of the red nucleus which gives

origin to the rubrospinal tract had to be labelled.

Of the 6 H-leu injected rats (group I), the 3 rats were selected,

in which more than half of the caudal red nucleus was labelled.
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Of the rats of group II injected with H-HanNAc into the

red nucleus, the magnocellular part of the red nucleus should be

labelled at least 2 times above background level. This was the case

in 5 of the 6 rats injected , so 5 rats remained.

From group III (rats injected with H-ManNAc into the thalamus and

hippocampus) only those rats were selected, in which the silver

grain density over the caudal half of the red nucleus did not exceed

background levels and in which the thalamus was labelled at least

twice above background level. Moreover, it was decided that the

spinal cord had to contain a certain amount of radioactivity so

that the exposition times of the autoradiograms could be kept within

certain limits. As described above, radioactivity was determined in

1 mm thick slices of the cervical cord and it was decided, that

group III rats were selected only, when the cord contained more than

200 desintegrations per minute per slice.

Of the 10 rats of group III, 4 rats met these requirements.

Injection sites of rats of group I not used for grain counts |

in the spinal cord are depicted in appendix I (page 185). \

III-3-7 Procedure for counting of silver grains in spinal cord

autoradiograms.

The low energy radioactive radiation emitted by tritium does not

traverse an emulsion layer for more than 2.5 pm (Rogers 1973).

When checked in our autoradiograms with a dense silver grain concen-

tration with the method of Rogers (1973), it appeared that the emul-

sion layer in our material was thicker than 2,5 pm and that almost

all the silver grains were restricted to the lower part of the emul-

sion layer, adjacent to the section. All radiation arriving in the

emulsion layer, therefore will probably result in silver grains. In the

case of a thick emulsion layer, slight variations in emulsion thick-

ness will not result in a variation of silver grains in the case of equal

amounts of radioactivity, a favourable condition for grain counting.

Selection of spinal cord sections. Sections were not counted, when the

background (determined by the number of silver grains outside the
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section over the glass slide) exceeded an average of 180 silver
2

grains per 6084 \m and when folds causing considerable variation

in emulsion thickness were present in the sections.

As we are interested in a situation in which radioactivity has been

transported into the spinal cord, a necessary condition fora section

to be counted was a sufficient yield of silver grains: a section was

considered to have a sufficient yield when one of the regions counted

exceeded 1.5 times the average background (the background averaged

for all sections at that same exposure time).

Of all selected rats, at least 10 sections were counted (rat A108

7 sections). For each rat, sections were available of different ex-

posure times, with and without scintillation fluid. Of the sepa-

rate rats,frozen sections or Araldite embedded sections were count-

ed. An exception is rat A126, from which both frozen and Araldite

sections were used.

Counting was done under an Olympus microscope, type FH, at a magni-

fication of lOOOx (objective Plan 100/1.25, ocular WF lOx), with an

ocular micrometer consisting of a grid of 10x10 mm, divided in 100
2

equal squares, corresponding to 6084 ym at the magnification used.

Of each section in the following regions 3 areas were counted: (fig.III-1):

White matter:

1. the dorsolateral part of the lateral funiculus, contralateral to

the injection site, where the rubrospinal tract is located

(Waldron and Gwyn 1969, Brown 1974, Edwards 1972)

2. the dorsolateral part of the lateral funiculus, ipsilateral to

the injection site

3. the ventral part of the dorsal funiculus, contralateral to the

injection site

Gray matter:

4. laminae V (ventrolateral part) and VI (dorsomedial part) as des-

cribed by Rexed for the cat (1952, 1954) and for the rat by

McClung and Castro (1978), contralateral to the injection site,

nerve endings of the rubrospinal tract are to be expected

(Waldron and Gwyn 1969, Nyberg-Hanssen and Brodal 1964)

5. laminae I, II and III contralateral to the injection site

6. laminae VIII and IX contralateral to the injection site
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Fig. III-l.

Schematic drawing of a cross section through the cervical spinal
cord. Squares represent the areas.,, that were enclosed by the grid
(surface area of the grid 6084 um'1' ). The grid areas are drawn at
about the spots, where silver grains were counted. Roman numbers
refer to laminae numbers (according to Rexed 1952, 1954).
1. region rubrospinal tract contralateral to the injection site.
2. region of the rubrospinal tract, ipsilateral to the injection

site.
3. dorsal funiculus.
4. laminae V + VI, contralateral to the injection site.
5. laminae I, II + III contralateral to the injection site.
6. laminae VIII + IX contralateral to the injection site.
7. laminae V + VI ipsilateral to the injection site,
c = contralateral
d = dorsal
i = ipsilateral
v = ventral

7. laminae V (ventrolateral part) and VI (dorsomedial part), ipsi-

lateral to the injection site.

As a measure of the background of the emulsion, grains were counted

on spots, where the emulsion covers only the glass slide. Of each

region, three different grid areas were counted (fig. III-l), the
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different areas not overlapping. Between the areas, a distance of

mace than the diameter of a cell body was kept. These areas were

arbitrarily chosen, fig. III-l describes approximately the position

of these areas.

The counts were made by one observer. Precautions were taken to prevent

the influence of interpretations, made during counting: the glass

slides of all rats together were put in a random sequence and provided

with coded numbers. Since the different regions of one section were

counted in a sequence, care was taken that the already performed

counts were not visible during the counting procedure.

We only wanted to know the silver grain density over nervous tissue

and were not interested in silver grains over blood vessels, the

lumen of which should only contain a silver grain density at back-

ground level. Therefore, a grid area, that contained more than

10% blood vessel lumina, was not taken into account and, instead,

another spot of the region was counted.

III-3-8 Retrograde transport.

As was described in chapter II, H-ManNAc or its derivates can be

transported retrogradely. Therefore, possible retrograde transport

had to be taken into account. Whether retrograde transport from

the red nucleus (mesencephalon) to the cervical cord could occur

was first checked by means of injection of horseradish peroxi-

dase into the red nucleus.

3 rats were injected with horseradish peroxidase (HRP) (Boehringer,

30% w/v) and 4 rats received a mixture of HRP (25% w/v) and

H-ManNAc (30 yCi, spec, radioact. 500 mCi/mmol) into the red nu-

cleus, as described in chapter II. The procedure of fixation, sec-

tioning and histochemistry was the same as that described in

chapter II. For each animal the number and localisation of HRP

labelled cells was determined in 6-18 sections in the cervical cord

(table III-l). The injection sites of the experiments are shown in

figs. II-9, II-10A and II-10B of chapter II.
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Table III-].

Sections of the cervical spinal cord of rats which received an in-
jection of HRP or a mixture of HRP and 3n-ManNAc were observed
for the presence of HRP-filled cell bodies. The sections were
40 ym. Injection sites of the mentioned rats are depicted in chap-
ter II, figs. II-9, II-10A and 11-1 OB.

lumber
rat

A150
A15I
A152
A153
A154
A155-
A156

• of injected
chemical

HRP
HRP
HRP
HRP

'. HRP
:- HRP
;- HRP

- - _

+ ^H-ManNAc
+ ^H-ManNAc
+ ^H-ManNAc
+- H-ManNAc

number of
sections
observed

8
7
18
9
6
6

- : - : _ 6 -•• -:'-":

number of
sections
with 1 reac-
ting cell

0
2
3
0
I
0

V-~'^" 2~.--- •--

location of
reacting
cell

—
lam V
lam V, VII
-
lam V --•--.

- - " • - - :

lam V - - '"--

lam = laminae as described by Rexed (1 952, 1954).•':v

Retrograde transport of HRP could be shown in a number of cases

(table III-l): HRP-filled cell bodies appear in seme sections of

the cervical cord. Of all the sections measured, no section contained

more than one reacting cell. HRP-filled cells were seen in laminae

IV, V and VI (table III-1), the part which also contains nerve endings

of the rubrospinal tract. As the experiments mentioned in this chapter

were designed to give information about antegrade axonal transport,

we tried to rule out the influence of retrograde transport on the

results of the grain.counts as m e n as possible. Therefore the grid

areas were separated by more than -the diameter _ofpne cell body.

Moreover, the median value of the 3 counts in1 one spinal cord region

instead of the average of the 3 was taken assuming that one section

contains only one cell body involved in retrograde transport. The

highest value which could be caused by a radioactivity accumulating

cell body is therefore eliminated in this procedure.



III-J-9 Statistical procedure.

The statistical analysis is done for every rat separately,

the interest of this study lies in an accurate description of

the observation for each individual rat.

Besides, because of many sources of variation in the experimental

setting between rats , a statistical comparison between rats

cannot be made.

The following questions were considered for each rat:

1. Is there a difference between the dorsolateral part of the lat-

eral funiculus contralateral to the injection site and two

other regions of the white matter ?

2. Is there a difference between laminae V and VT, contralateral to

the injection site and three other regions in the gray matter?

Preliminary grain counts showed that the stochastic behaviour

of the counts could not be described by a Poisson-distribution.

Therefore,a distribution-free method was indicated. In all regions,

three different counts were made. Vfe used the median of these three,

as a measure for grain density. This has two advantages. Firstly,

extreme values are practically eliminated. These are often

caused by cell bodies filled with radioactivity by retrograde

axonal transport. Secondly the power of the used test will be in-

creased. On these densities we applied the method described as

"Distribution-free multiple comparisons based on Friedman rank

sums" in Hollander and Vfolfe (1973). This method is rather insen-

sitive for sources of variation between sections. We used a 5%

significance level for each multiple comparison.

The complete results of the spinal cord grain counts are listed

in an appendix (page 189-217).
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III-4 RESULTS.

III-4-1 Formalin fixation.

Table III-2 shows that, after fixation of tissue injected with

H-flanNAc after killing the animal, nearly all the radioactivity

is found in the fixative. "" ~~ ~ •

VJhen it is assumed that the tissue removed from the killed

animal cannot incorporate radioactive precursor, then the results

in table III-2 indicate that H-ManNAc cannot be bound to the

tissue by formalin. We conclude that in our sections the radio-

activity is most probably bound to glycoproteins and glycolipids.

Table III-2.

Spinal cord tissue that had been kept in liquid nitrogen for
some time was cut in slices of 1 mm. Slices were injected with
0.5-1 yl of a ^H-ManNAc solution that contained 0,02 yCi/yl.
Subsequently, the tissue was fixated during 24 hours with phos-
phate buffered formalin 4%. Radioactivity was determined in the
liquid scintillation counter.

dpm in formalin

23818
21878
27998

III-4-2 Blood.

To check the possibility of transport of radioactivity by the blood,

blood samples were taken before perfusion and radioactivity was

determined in the liquid scintillation counter. Table III-3

shows that a varying amount of radioactivity was measured in the

blood.

dpni in fixated
spinal cord

1169
277
469

7c radioactivity
in tissue

4.7
i.2
1.7

107



Table III-3.

Radioactivity in 100i.il blood was determined by scintillation counting
24 hours after injection of -^H-ManNAc.

Abbreviations: dpm = desintegrations per minute, met, = mesencephalon,-
n.d. = not determined, thai/hip = tlialamus and hippocampus

number of
rat
All 7
AU9
A123
A144
A146
A128
AÏ41
AÏ43
A148
A149

injection into

mes.
mes.
mes.
mes.
mes.

thai/hip
thai/hip
thai/hip
thai"/liïp
thai/hip

dpm

2202.9
n.d.
455.9
565.2
1606.1
341 .7

2459.1
97-1

n.d.
919.7

III-4-3 Group I: H—leu injections.

On the basis of the criteria described in material and methods,

3 rats which showed labelling over the caudal half of the red \ :

nucleus were selected for the counting of silver grains in the

cervical cord (fig. III-2). In the other 3 rats, the injection

sites were located lateral or ventrolateral to the red nucleus

(see appendix I).

Description of individual rats (fig. III-2).

A107. Injection site. The needle track crosses the central gray

matter near the aquaduct, the ventral tip of it reaching

just caudodorsal to the magnocellular red nucleus. The

greatest part of the magnocellular red nucleus is labelled

except for its rostrolateral part. Of the parvocellular red

nucleus only a small medial part is labelled. Apart from the

red nucleus, an area caudal to and medial to the red nucleus

is labelled, including the medial part of the contralateral

magnocellular red nucleus (fig. III-2).

Spinal cord. Autoradiography of the spinal cord at level C4 =

shows that heavily labelled axons are found in the dorsolat-

eral part of the lateral funiculus (fig. III-2, III-3)
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contralateral to the injection site. Ipsilateral to the in-

jection site, in the dorsolateral part of the lateral funic-

ulus, labelling is scanty. The dorsalmost part of the dorsal

funiculus is also labelled. In the gray matter, contralateral

to the injection site, laminae IV, V, VI and VII are labelled. — -

Fewer silver grains are seen over the ipsilateral laminae

IV, V, VI and VII and labelling over the contralateral laminae

I, II and III is also slight. •""-«. -.•.""—.'•_-"---'

The results of the statistical analysis of the silver grain

counts show , that a difference is present between the con-

tralateral region of the rubrospinal tract and the other two

regions of the white matter (table III-4) ; highest counts

are found over the contralateral rubrospinal.tract region.

The counts over contralateral laminae V and VI were higher

than over contralateral laminae I-III and laminae VIII and IX,

a difference between right and left laminae V and VI was not

observed (table III-4). This is probably due to the fact, that

also the magnocellular red nucleus at the other side was

reached by radioactivity (fig. III-2).

A108. Injection site. The needle track crosses the central gray

matter fairly laterally at the level of the caudalmost part

of the red nucleus. The labelled area of the red nucleus in-

. _ eludes magnocellular and parvocellular red nucleus. An area

surrounding the red nucleus is also labelled.

Spinal cord. In the spinal cord,part of the contralateral

lateral funiculus is labelled (fig. III-2), the rest of

the white matter does not show any distinct labelling. The

gray matter is labelled in the laminae V and VI contralateral

to the injection site.

Statistical analysis on the basis of 7 sections counted

(table III-4) shows a difference in labelling between the

contralateral and ipsilateral rubrospinal tract but not be-

tween the contralateral rubrospinal tract and the dorsal funicu-

lus. In the gray matter the grain density of the contralateral
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Fig. III-2.

Injection sites and spinal cord of rats that received H-leu in
the caudal half of the red nucleus. Survival time 35-70 days.
Drawings after photographs of serial sections of the area of the
injection site and sections of the spinal cord. In the injection _.̂
site, the dots represent a silver grain density of more than 10
silver grains per 60,84 ym . 'Che large dots in the spinal cord _-----
sections represent accumulations of silver grains. The numbers
refer to section numbers. Bars represent 1 mm.
Abbreviations: cgm = central gray matter, LM = leminiscus medialis,
p = pons, rf = reticular formation, rm = red nucleus, magnocellular
part, rp = red nucleus, parvocellular part, s = superior colliculus,
s.n=substantia nigra, III = nucleus of the oculomotor nerve.
^ H H H = tissue, damaged by the injection needle - ..,!..
|"""!!:!i l̂ = silver grains, high density, representing in the injection

- site more than 30 silver grains per 60,84 ym
|:'.; *•: H|= silver grains, lower density, representing-in the injec-

tion site more, than 10 silver grains per .60,84 )im2

laminae V and VI is higher than that over the contra-

lateral laminae I, II and III and the ipsilateral laminae V

and VI. No differences were found between the contralateral

laminae V and VI and laminae VIII and IX.

A126. Injection site. The needle track crosses the central gray

close to the aquaduct and terminates just caudal to the red

nucleus. The labelled area includes the magnocellular red

nucleus and the medial half of the parvocellular red nucleus.

An area caudal and dorsomedial to the red nucleus is also

labelled (fig. III-2).

Spinal cord. When the cervical cord autoradiograms are ob-

served with dark field illumination, one can observe, that

the contralateral funiculus lateralis in its dorsolateral

part is distinctly labelled (fig. III-2). Other parts of the

white matter do not show distinct labelling. In the gray

matter, labelling can be observed over the contralateral

laminae V and VI.

For this animal, grain counts were performed on frozen

sections and Araldite sections. The two kinds of sections

were treated separately, but the results are the same

(table III-4). The contralateral rubrospinal tract region
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Table III-4.

Group number of sect. n white matter gray matter
rat

I A126 a 11 DF-c ; LF-i ; LF-c* 8-9-c : 1-3-c : 5-6-i : 5-6-c*

A126 f 17 DF-c : LF-i ; LF-c* 1-3-c : 8-9-c •: 5-6-i : 5-6-c*

A107 f 10 DF-c : LF-i : LF-c* 8-9-c .:: 1-3-c : 5-6-i ; 5-6-c*

A108 f 7 LF-i : DF-c : LF-c 1-3-c ; 5-6-i i ; 8-9-c ; 5-6-c

II All 7 a 12 DF-c : LF-i : LF-c* 8-9-c ; 1-3-c : 5-6-c* ; 5-6-i

All 9 a 12 DF-i ; DF-c ; LF-c 5-6-i ; 8-9-c : 1-3-c : 5-6-c

11

17

10

7

12

12

16

13

11')

14

14

11

11

DF-c ;

DF-c ;

DF-c ;

LF-i ;

DF-c ;

DF-i ;

DF-c ;

LF-i ;

DF-c ;

LF-i ;

LF-c* ;

LF-c* ;

LF-c* ;

LF-i ;

LF-i ;

LF-i ;

DF-c ;

LF-i ;

DF-c ;

LF-i ;

DF-c ;

LF-i ;

LF-c* ;

LF-i ;

LF-i ;

LF-i ;

LF-c*

LF-c*

LF-c*

LF-c*

LF-c*

LF-c*

LF-c*

LF-c*

LF-c*

DF-c

DF-c

DF-c

[)F-c

8-9-c

1-3-c

8-9-c

1-3-c

: 1-3-c :

; 8-9-c • ;

: 1-3-c :

'; 5-6-Ü ;

5-6-i

5-6-i

5-6-i

8-9-c

*

Al 23 a 16 DF-c ; LF-i ; LF-c 8-9-c: ; 5-6-i ; 1-3-c ; 5-6-c

Al 44 f 13 LF-i ; DF-c ; LF-c* 8-9-c '; 5-6-i ; 1-3-c ; 5-6-c*

A146 f 11IT) DF-c ; LF-i ; LF-c* 8-9-c, ; ' 1-3-c ; 5-6-i ; 5-6-c*

III A128 a 14 LF-i ; LF-cA ; DF-c 8-9-c : 1-3-c : 5-6-i ; 5-6-c*

A141 a 14 LF-c ; LF-i ; DF-c 8-9-c ; 5-6-c" ; 5-6-i ; 1-3-c

A148 f 11 LF-cA ; LF-i ; DF-c 1-3-c ; 8-9-c ; 5-6-i ; 5-6-c*

A149 f 11 LF-c* : W-I~ ~;"~~UF-c 8-9-c ;' I-3-c : 5-6-i ; 5-6-c*



Table I1I-4.

StaListical analysis of silver grain counts of auto radiograms
of spinal cord sections, according to the test described by
Hollander and Wolfe (1973). Regions noL connected with
a line underneath differ from each other.
Abbreviations: ..
Group I : rats injected with H-leu into the red nucleus
Group II : rats injected with H-ManNAc into the red nucleus
Group III: rats injected with ^Hl-ManNAe into the thalamus and

hippocampus
a = Araldite embedded sections
c = contralateral
DF = dorsal funiculus
f = frozen sections
i = ipsilateral
LF = region of the rubrospinal tract
n = number of sections
sect. = section
* = region where accumulation of silver grains is expected.
) = In rat A146 only 10 sections were considered in case of

the white matter.

Fig.' III-3.

Autoradiography of spinal cord section (C4) at dark field illumi-
nation. Rat A107 was injected with ^H-leu into the red nucleus and
survived 70 days. Exposure time 49 days with scintillation fluid.
Bar represents 0.5 mm. Note the silver grains in the contralateral
laminae V, VI and VII (arrows),
i = ipsilateral
c = contralateral
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contains a higher silver grain density than the other two

regions in the white matter. In the gray natter the contra-

lateral laminae V and VI are more densely labelled than the

other regions of the gray matter which were counted.

In fig. III-4 a microphotograph of an Araldite section of rat A126

is shown. In this picture the contralateral rubrospinal tract region can"

be observed. Here, the slow axonal transport was localised more

accurately. Silver grains over the axoplasm of one axon can be seen.

3III-4-4 Group II: H-ManNAc njeotións into the mesenaephalon.

Selecting according to the criteria mentioned in materials and

ii ithods,5 of the6:injected rats wéreVused an "grain .counting-of the

spinal cord.These contained a silver grain density of more than

twice background level over the magnocellular red nucleus.

When the magnocellular red nucleus in this group is examined with

dark field illumination (fig. III-5), a distribution of silver

grains is observed, characterized by a dense concentration

over the neuropil and low densities over neuronal cell bodies

(nucleus and cytoplasm).

The description of the different rats is given below:

?U46. Injection site. The needle reaches far ventrally, into the

pons and is situated caudal to the red nucleus. The radio-

activity reaches a large area which comprises the entire

itEsencephalon. The ipsilateral reticular formation, central

gray matter and red nucleus (magnocellular and parvocellular

part) are more densely labelled than the same structures at

the contralateral side (fig. III-6).

Spinal cord. The distribution of silver grains over the cer-

vical cord as seen with dark field illumination, is shown in

fig. III-7. This distribution is strikingly different from

that of the spinal cord of H-leu injected rats. The distri-

bution of silver grains over the spinal cord is diffuse, but

the concentration over the gray matter is distinctly higher

114



.'

- .. "t \ ,-

^J \J •*»• ' ; '< ̂  " - ^ y • •

^, ï r

Fig. III-4.

Region of the rubrospinal tract, contralateral to the injection
site. The rat received H-leu in the red nucleus and survived
35 days. Silver grains are prominent over the axoplasm. Exposure
time 140 days. Bar represents 0.01 mm.

than that over the gray matter. The most dorsal part of the

dorsal funiculus has a higher silver grain density, but the

rest of the white matter seems to be uniformly labelled.

The contralateral gray matter is labelled more densely than

the ipsilateral laminae IV, V, VI and VII. Laminae I, II and

III are densely labelled on both sides.

This diffuse labelling makes it more difficult to assess

differences between the different regions of the white and

gray matter of the cervical cord. Therefore, statistical

analysis of grain counts was performed.

In table III-4, for rat A146 a difference exists between

the contralateral lateral and dorsal funiculi; the silver

grain density of the former is higher.

No differences could be shown between the contralateral and

the ipsilateral dorsolateral funiculus, probably because

both red nuclei contained the labelled precursor (fig. III-6)
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Fig. III-5.

Magnocellular red nucleus 24 hours after injection of H-ManNAc.
Dark field illumination (A) and bright field illumination (B).
Silver grains are very dense over neuropil and hardly visible
over cell bodies. Exposure time of the autoradiogram 21 days.
Bar represents O.I mm.

In the gray matter (table III-4), the contralateral laminae

V and VI (the region where nerve endings of the injected red

nucleus are situated) contain a higher silver grain density

than the contralateral laminae VIII and IX.
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No differences between the contralateral and ipsilateral

laminae V and VI and between the contralateral V and VI and

laminae I, II and III contralateral were found.

As a similar diffuse labelling occurs in all spinal cords of

rats of group II, the description of the other experiments of

this group will be limited to the injection site and the statis- — -

tical evaluation of spinal cord silver grain densities. -•

Al 4 4 .Injection site. The needle track has passed through the cen-

tral gray matter with the tip of the needle track situated :

just ventrolateral to the central canal. The label is concen-

trated on the ipsilateral side lateral to the central gray

matter and over the ipsilateral nucleus of the oculomotor

nerve. More faintly labelled are the superior colliculus, the

reticular formation and both the magno- and parvocellular

parts of the red nucleus (fig. III-6). The grain

densities of this injection site are lower than in the other

4 rats of group II (fig. III-6).

Spinal cord. For the white as well as for the gray matter, no

differences in grain counts between different regions could

be detected.

A123. Injection site. The needle track is localised in the central

gray matter at its lateral edge. Its ventral tip is situated

dorsocaudal to the red nucleus, ventrolateral to the central

gray matter (fig. III-6). Radioactivity reaches magno-

and parvocellular parts of the red nucleus, reticular forma-

tion, central gray on one side and both nuclei of the oculo-

motor nerve.

Spinal cord. The statistical evaluation shows (table III-4)

that the silver grain density over the contralateral region

of the rubrospinal tract is distinctly higher than over other

counted regions of the white matter. In the gray matter, contra-

lateral laminae V and VT show a higher silver grain density

than the ipsilateral laminae V and VI and VTII and IX. No dif-

ference was observed between the contralateral laminae V and

VT and the contralateral I, II and III.
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Fig. III-6,
3

Injection sites of rats that received H-ManNAc in the caudal half
of the red nucleus. Concentration of silver grains was more than
100 silver grains per 6084 ym" over the caudal red nucleus.
Survival time 24 hours. Drawings after photographs of serial sec-
tions of the area of the injection site. The numbers refer to sec-
tion numbers. .--_ .
f;::::::::"'.-•)"= silver grains high density
£777T7Trj= silver grains lower density
• • • • 1 = tissue damaged by the injection needle
In A117, All9, A123 and A146 a high density of silver grains means
more than 50 silver grains per 60,84 um^ and a lower density 12-50
silver grains per 60,84 ym ,
In A144 the value for high density is 10-20 silver grains per ? ;
60,84 ym- and for lower density 1-10 silver grains per 60,84 ynT.
For abbreviations, see legend to fig. III-2. _ •-, „

A119. Injection"-site."LTheneedle does" not traverse the central"\_

gray matter but passes lateral to it, the track terminating

ventrolateral to the central gray and dorsocaudal to the red

nucleus. Radioactivity has spread over the iragnocellular part

of the ipsilateral red nucleus, the reticular formation and

the superior colliculus at the ipsilateral side, and the

nuclei of the oculomotor nerve both on both sides (fig. III-6).

Spinal cord. As shown in table III-4,the silver grain density

over the contralateral rubrospinal tract region is higher

than over other regions of the white matter. In the gray

matter, the contralateral region containing rubrospinal tract

nerve eudings has a higher concentration of silver grains

than the contralateral laminae VÏII and IX and the ipsilateral

laminae V and VI. Between the contralateral laminae V and VI

and the contralateral laminae I, II and III no difference

could be detected.

A117. Injection site. The needle track is located laterally in the

gray matter. The tip of the needle was situated in the reticu-

lar formation, ventral to the central gray matter, dorsocaudal

to the red nucleus (fig. III-6). Radioactivity has reached the

red nucleus, the central gray matter and the reticular forma-

tion at the ipsilateral side, and the nuclei of the oculomotor
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Fig.

Autoradiography of spinal cord section (C4)with dark field illu-
mination. Rat A146 was injected with 3H-ManNAc into the red
nucleus and survived 24 hours. Exposure time 70 days, with
scintillation fluid. Bar represents 0.5 mm.
i = ipsilateral
c = contralateral

nerve on both sides.

Spinal cord. In the cervical cord it was demonstrated

(table III-4), that the contralateral region of the rubro-

spinar tract- is labelled more densely than the other regions

counted..In the gray matter, no differences between the ipsi-

and contralateral laminae V and VI and the laminae I, II and

III could be demonstrated. The counts of the contralateral

laminae VTII and IX were lower than those.of laminae V and VT,

both on the contra- and ipsilateral side.

In fig. III-8, a high magnification of the contralateral rubrospinal

tract region is shown. Silver grains seem to be predominantly locat-

ed over myelin sheaths and axolemma of axons with a large dianeter,

but silver grains are also present outside the axons.
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Fig. III-8.

Region of the rubrospinal tract contralateral to the injection
site. The rat received -̂ H-ManNAc in the red nucleus and survived
24 hours. Silver grains are localised preferably over axolemma
and myelin sheath. Exposure time 98 days. Sar represent 0.01 mm.

IIT-4-5 Group III. Injections with H-ManNAa into thalamus and

hippocampus.

Since thalamus and hippocampus do not project onto the spinal

cord, rats of group III were used to get information about the

distribution of radioactivity in the spinal cord without concomi-

tant antegrade axonal transport. 4 Of the 10 rats were injected

satisfactorily according to the criteria set out in materials and

methods; these rats were used for observations and grain counts

of the cervical cord.

Description of individual rats:

A148. Injection site. The needle track crosses the cerebral cortex

and reaches the hippocampus. Although the track was not

traced into the thalamus, the ipsilateral thalamus appeared

to be labelled, as well as the hippocampus. The labelled

area did not reach into the mesencephalon, and the red nucleus
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Fig. III-9.

Injection sites of rats that received H-ManNAc in the hippocampus
and thalamus. The concentration of silver grains in the thalamus
was more than 100 silver grains per 6084 \m\-, and the silver grain
density over the red nucleus was not higher than background level.
Survival time 24 hours. Drawings after photographs of serial sec-
tions of the area of the injection site. Numbers refer to section-
numbers. Bars represent 1 mm. - .
Abbreviations:_cp = nucleus caudatus putamen, F = fasciculus
retroflexus, GP = globus pallidus, H = hippocampus, SM = stria
medullaris thalami, t = thalamus.
For rest of abbreviations see legend to fig. III-2.

= silver grains, high density
= silver grains, lower density
= tissue damaged by the injection needle

High-density silver grains represent in A128 and A141 more th:m
50-silvers-grains-.per 60,84 um2_, lower density 12-50 silver grains
per 60,84 um2. In A148 and A149 these values are respectively:
10-40 silver grains per 60,84 um2 and 1-10 silver grains per
60,84

was not labelled (fig. III-9).

Spinal cord. In fig. 111-10 an autoradiogram of the cervical

spinal cord is shown, as seen under dark field illumination.

Silver grains are diffusely present over white and gray

matter. Over the gray matter labelling seems to be higher

than over the white matter, but the density over the ventral

and dorsal parts of both dorsal funiculi equals the density

over the gray matter.

In table III-4, thecontralateral rubrospinal tract region

shows a lower grain density than the dorsal funiculus.

Between the contralateral and ipsilateral rubrospinal tract

region no difference was demonstrated. In the gray matter,

no differences between the regions were observed.

The diffuse distribution of silver grains (fig. 111-10) over the

cervical cord tends to obscure small quantitative differences

between different regions, which therefore cannot be estimated

by observation under the microscope. For the other rats of

group III, we will restrict ourselves to a description of

the injection sites and the results of the statistical
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Fig. 111-10.

Autoradiography of spinal cord section (C4) with dark field illumi-
nation. Rat A148 was injected with ^H-ManNAc into the thalamus and
survived 24 hours. Exposure time 86 days. Bar represents 0.5 mm.
i = ipsilateral
c = contralateral

evaluation of the spinal cord grain counts (table III-4).

A149. Injection site. After passing through cerebrum and hippocampus

the needle track reaches the dorsal part of the thalainus at a

more caudal level than in A148 and A141. At the ipsilateral

side, the hippocampus and a smaller part of the cerebrum and

also the dorsal part of the thalamus are labelled. As in A148,

no discernible labelling in the mesencephalon, including the

red nucleus, can be detected.

Spinal cord. The grain counts show the same results as in

rat A148 (table III-4).

A141. Injection site. The needle tract crosses the cerebrum and

hippocampus in the diencephalon, the tip of the injection

needle reaching about halfway into the thalamus (fig. III-9).
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At the level of the needle track, radioactivity has labelled

the cerebral cortex predominantly at the ipsilateral side

and the hippocampus over both sides. The thalamus is also

bilaterally labelled. More rostrally and caudally in the

diencephalon, the radioactivity is confined to the ipsilateral

side. In the caudal part of the diencephalon, thalamus and

hippocampus are almost exclusively labelled at the ipsilateral

side. In the mesencephalon, an area at the ipsilateral side,

dorsal to the central gray matter, including the superior

colliculus, is labelled. The red nucleus is free of label.

Spinal cord. The statistical evaluation of the grain counts,

listed in table III-4, show, that no differences are_

evident in the white matter and that no differences between

the nerve ending region of the injected rubrospinal tract

and the other counted regions are evident in the gray

natter.

A128. Injection site. The needle track crosses the hippocampus at a

more caudal level than in A141 (fig. III-9). The tip of the

needle track reaches into the dorsal part of the thalamus.

Radioactivity has reached the ipsilateral hippocampus and the

thalamus. At more caudal levels in the mesencephalon, label-

ling occurs ipsilaterally, lateral to the central gray, in the

reticular formation but does not reach the red nucleus.

Spinal cord. In the white matter, the contralateral rubro-

spinal tract region does not show difference with respect to

the dorsal funiculus, but it is higher than over the ipsi-

lateral rubrospinal tract region. Concerning the gray natter,

the contralateral laminae V and VI possess higher silver grain

densities than the contraiateral laminae VIII and IX. Other

differences in respect to the contralateral laminae V and VI

were not present.

In fig. III-ll, the rubrospinal tract, contralateral to the injec-

tion site is shown at a high magnification. The silver grains are in

most cases situated in between the axons that have a large diameter
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Fig. III-ll.

Region of the rubrospinal tract, contralateral to the injection
site. The rat received ^H-ManNAc in the thalamus and hippocampus
and survived 24 hours. Silver grains are localised outside
axons, over axolemma and myelin sheath. Exposure time 98 days.
Bar represents 0.01 mm.

and distinct myelin sheath. Sometimes silver grains are located

over the myelin sheath.

Ill-5 DISCUSSION.

III-5-1 Identification of the radioactive materials.

It seems likely from our experiments with injection of H-ManNAc

in spinal cord segments that the light microscopical autoradio-

graphic technique as used in this study only renders the locali-

sation of macromolecules in the tissue visible. Precursor mole-

cules ( H-ManNAc) are not attached to the tissue by formalin, the

fixative used (table III-2). Although the situation in this exper-

iment, where the tissue had been frozen for some time, was

126



different from that of injection in vivo, where cells are actively

taking up precursor molecules, this indicates that formalin does not

attach precursor molecules to the tissue. This is also the case for

other sugars such as mannose and some amino acids (Peters and

Ashley 1967, Vanha-Perttula and Grimley 1970). Since H-ManNAc"has_.

been found to be bound to glycoproteins as sialic acid for more

than 80%, I-j hours after-injection?(Rösner e.a. 1973), and almost

exclusively as sicilic acid into glycolipids 2 days after injection

(Kolodny e.a. 1970), silver grains in our preparations are con-

sidered to represent mainly sialoglycoconjugates.

III-5-2 Injcetioii sites.

A meaningful interpretation of our autoradiography experiments is

not possible without correct assessment of the effective injection

sites.

At a magnification of lOOx (fig. III-3) and at 24

hours after H-ManNAc injection, the neuropil at the injection

site is more densely labelled than the cytoplasm of the neurons.

Several explanations are available for this phenomenon. Firstly

the transport of labelled molecules from the neuronal cell body

could be very fast. After 30 minutes Reisert and Pilgrim (1979)

already observed a measurable amount of silver grains over neuron-

al processes at the site of injection at H-MariNAc. Secondly the

incorporation of label could occur preferentially in glial cells.

After a survival time of 30 minutes, Reisert and Pilgrim (1979)

found higher grain densities over glial cells than over neuronal

cell bodies. This would mean that glial perikarya can incorporate

more radioactivity per unity of volume and time than the neuronal

cell body. This would then result in a lower silver grain density

over neuronal cell bodies and its processes than over glial cell

bodies and its processes, on the condition that the volume of

glial cells is not larger than the volume of neuronal cells.

Finally,the larger extent of the labelled area in the mesencephalon
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after H-ManNAc injection as compared to H-leu should be taken

into account. This could be due to a slower uptake of label into
3 3

cells after H-ManNAc injection than in case of H-leu. This slow

uptake would then result in an excess of extracellular precursor

material and consequent diffusion (see also chapter IV). This dif-_
3 3

ference between H-ManNAc and H-leu is not so surprising when

one considers that the total molar concentration of the injwcted

labelled and unlabelled ManNAc is 1500x as high as the concen-

trations used in the leucine experiments (see materials and methods).
III-5-3 Statistical analysis of SVITHH' jyaiu

In the discussion of the results of the silver grain counts in the

cervical cord, one should keep in mind that some injected animals

were not used for counting because they did not meet the requirements,

mentioned in III-3-6. Secondly, the distribution of the rats over the

groups was not random. Moreover, all the counts were made by the in-

vestigator. This means, that a certain bias could have been intro-

duced, but great care was taken to counteract this possibility.

Besides, the number of sections varies for the different animals.

Therefore, the conclusions of these results have to be considered

as indicative.

III-5-4 Spinal cord.

After injection of H-ManNAc into the red nucleus, the first impres-

sion of the distribution of radioactivity when studying it:; through

the microscope appears to be even, although it is more denjfee over

the gray than over the white matter. This even distribution is

most likely to be due to non-axonal transport, because inj'ection

into thalamus and hippocampus, two regions that have no efferent

projections on the spinal cord (Brodal 1964, Khook 1965), also

show this even distribution of radioactivity in the spinal cord,

with a higher density over the gray matter.
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However, statistical analysis on silver grain counts (table III-4)

showed differences between silver grain densities. Several animals
3

that were injected with H-ManNAc into the red nucleus showed

more silver grains in the dorsolateral part of the lateral funic-

ulus, contralateral to the injection site, than in other regions

of the white matter. Animals that were injected with H-IlanNAc

in the thalamus and hippocampus did not show this difference.

Because the efferents from the red nucleus are located as rubro-

spinal tract in the dorsolateral part of the lateral funiculus

and since the rubrospinal tract crosses completely_in the

tegmental decussation, the conclusion is that the differences

in-silver grain densities in animals-injected witjru. H-ManNAc

into the red nucleus are caused by^antegrade axonaltranspbrt

of H-ManNAc or its derivates along the rubrospinal tract.

III-5-5 The rubrospinal traat; ' H-leu injection (group I).

As seen in figs. III-2 and III-4, H-leu injections into the

magnocellular .red nucleus result in heavy labelling of axons in

the dorsolateral part of the contralateral lateral funiculus and

a less heavy, but distinct labelling in laminae V and VI contra-

lateral to the injection site. In one case, A107, the ipsilateral

lateral funiculus and the ipsilateral laminae V and VI were also

labelled, probably because both red nuclei were included in the

injection site. In rat A107 the labelling extended farther

ventrally into the dorsal part of contralateral laminae VII with

a very faint labelling in laminae II and III on both sides.

These results are in accordance with those of Edwards (1972), who

used the slow axonal transport of H-leu labelled molecules to

trace axons from the red nucleus into the spinal cord of the cat.

The rubrospinal tract has been described many times (see for

review Massion 1967) with degeneration techniques, also in the rat

(Waldron and Gwyn 1969, Brown 1974). These results from the litera-
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ture combined with the fact that the rats injected with H-leu

next to the red nucleus (see for injection sites appendix page 185)

did not show any appreciable labelling in the spinal cord, makes

it. exceedingly probable that the heavily labelled axons in the ,. -

lateral funiculus and the labelled region in the intermediate gray :

contralateral to the injection site in our H-leu injected animals

represent the rubrospinal tract and its nerve endings, although we

could not trace the axons from the mesencephalon into the spinal

cord.

Statistical analysis of silver grain counts of the rats A107 and

A126 of-group I, shewed the- expected differences between different

"cgiohs (fig. III-2and table III-4). Rat A108 did not show clear dif-

ferences in grain counts between left and right dorsolateral funiculus

and intermediate gray matter (fig. III-2, table III-4). Probably this

is due to the snail number of sections counted (7). In all other

rats, 10 or more sections were counted.

III-5-6
3
H-ManNAc injections; groups II and III.

At first sight, the autoradiograms of the spinal cord which belong

to rats of group II and group III resembled each other quite closely.

Since the thalamus and hippocampus do not have efferent projections

on the spinal cord, the even distribution of the radioactivity in

the spinal cord in rats injected in an extra rubral region (group

III), is very unlikely to be due to antegrade axonal transport.

Therefore, the even distribution of the label in case of rats

of group II and group III is the probable result of non-

axonal transport. Transport by the blood is likely to occur because

the blood in our experiments proved to contain an appreciable amount

of radioactivity (table III-3).

Statistical analysis of the silver grain counts in the spinal cord

(table III-4) shews, that in the white matter differences exist

in 4 of the 5 rats of group II. The contralateral rubrospinal tract

region is higher than the dorsal funiculus, and in 3 of the 5 higher
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than the two other regions in the white matter considered. Not any

of the rats of group III showed differences.

One rat of group II, A146, does not show a difference in grain

counts between the ipsilateral and contralateral rubrospinal

tract region. This is probably caused by the bilateral in-

jection of the red nuclei (fig. III-6). Rat A144 did not show any

difference between the different regions counted. In this animal,

the silver grain density at the injection site was much lower than

in the other animals of group II:(fig. III-6, different criteria

for̂  boundaries) but higher.-than 1,5 times the. background level, the

criterion used to select rats for counting.: In~retrospect, the

criterion for the concentration of radioactivity at the injection

site could have been set too low.

As seen at high magnification (fig. III-8), silver grains in the

contralateral rubrospinal tract region after injection of

H-ManNAc into the red nucleus were located predominantly over

myelin sheaths and axoleitina. Therefore, the radioactivity is un-

likely to be exclusively located in the axoplasm of the fibres,

and labelling over the myelin sheats is not likely due to the bad

resolution of the autoradiographical technique. In fig. III-4

silver grains, representing H-leu labelled proteins during slow

axonal transport, are located exclusively over the axoplasm, as has

been described previously (Lasek 1970). Probably the silver

grains over myelin sheath and axolemma represent labelled molecules

that have been incorporated into axolemma or myelin sheath after

antegrade axonal transport. Droz (1974) localised H-fucose labelled

molecules over myelin sheath and axolemma after a survival time of

6 days. At this survival time,material transported by the fast flow

should have disappeared from the axoplasm. Apparently, axonally

transported label is used for the supply of glycoconjugates of

axolemma or myelin sheath. In the gray matter, red nucleus injections

with H~ManNAc show higher values for the contralateral laminae V

and VT than for laminae VIII and IX (table III-4). In two cases

(A119, A123) the silver grain density of contralateral laminae V
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;.md VI is higher than for the ipsilateral laminae, and in no case

contralateral laminae V and VI differ from cantralateral laminae

I, II and III. Goode and Sreesai (1978) mention an additional

heavy degeneration of nerve endings in laminae I an II, apart

from those present in laminae V, VI and VII, when they performed

rostral pontine hemisections instead of lesions of the red nucleus

in the opossum. That extra labelling in laminae I, II and III was

found only in the H-ManNAc red nucleus injected rats - and not in

the H-leu injected animals may be due to the larger size of the

labelled area of H-ManNAc injected animals.

The lack of difference between contralateral and ipsilateral

laminae_V_and ̂ /I. irfratA146 is probably- due.. to the bilateral

labelling -of-the red nucleusY(figï; IÏI-6V.; InA144 the lack/..of

labelling might be because not enough H-ManNAc has reached the

red nucleus (see also discussion white matter). In A117 the lack

of difference between the ipsilateral and contralateral laminae V

and VI is unexpected (table III-4). The thalamus/hippocampus

injected animals do not show differences between the various

regions in the gray matter except for rat A128, where a differ-

ence was observed between the contralateral laminae V and VI and

laminae VIII and IX "(table III-4).

The results of grain counting in the gray matter do not show in

case of red nucleus injected animals distinctly higher silver

grain densities in the region that contains nerve endings of the

rubrospinal tract than in other regions in the gray matter. How-

ever, rat A128, which was injected in the thalamus and/or hippo-

campus (group III) showed a difference between laminae VTII and

IX and laminae V an VI contralateral. It can be concluded, that
3

accumulation of H-ManNAc induced radioactivity after antegrade
axonal transport cannot be observed with the method used. Either

no accumulation is present or the accumulation is present, but

obscured by systemic labelling. Systemic labelling certainly

increases the variation between the values and the gray matter is

more susceptible to systemic labelling than is the white matter

(see chapter II). Another factor contributing to the diffuse
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labelling of the gray matter of axonally transported H-ManNAc

may be diffusion of the labelled molecule from the nerve endings.

Diffusion of transported material from nerve endings has been

described for 3fl-fucose by Specht and Graftstein (1973, 1977).

Retrograde transport of H-ManNAc or its derivates may also be

involved in the production of labelling over the gray matter of

the cord. Afferent connections of the thalamus are known to origi-

nate in the spinal cord (the spinothalamic tract, Knook 1965,

Brodal 1969); for the rats in group II, injections in the red

red nucleus with horseradish peroxidase showed that retro- "

grade axonal transport can occur from the mesencephalon into

the spinallcord(table IH-IK However, the sparsity of silver

grain accumulation over neuronal cell bodies in autoradiograms of

the spinal cord of rats of group II and III indicates that the

contribution of retrograde transport to the radioactivity in the

spinal cord must be small. Presumably, the speed of retrograde

transport is lower than that of fast antegrade transport. After 24

hours, not enough labelled molecules therefore reach the spinal cord

with retrograde transport to result in clearly visible accumulations

of silver grains.

Although within the statistical procedure the influence of silver

grain accumulations over cell bodies involved in retrograde transport

(see materials and methods) is supposed to be eliminated, one has to

keep in mind, that high grain densities, caused by labelled dendrites

as a consequence of retrograde transport (chapter II), are not taken

into account. However, since distinct silver grain accumulations

over cell bodies could not be detected, the labelling of dendrites

does not seem to have much influence on the results of the grain

counts.
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C H A P T E R IV

PARTIAL CHARACTERISATION OF RADIOACTIVITY IN THE SPINAL CORD AP1ER

INJECTION OF N - J H ACBTYL-D-iyiANNOSAMINE INTO THE MESENCEPHALON OF

THE RAT.

I V - I SUMMARY.

N- H acetyl-D-mannosamine, a hexosamine precursor of sialic acid,

was injected into the red nucleus of rats. After survival times of 4,

6 and 24 hours, partial of the radioactivity was found in the spinal

cord. There was a relatively high amount in the cervical and lurribar

enlargement and relatively little radioactivity in the thoracic

spinal cord.

The nature of the radioactivity present in the cervical enlargement

of the spinal cord was studied: at a survival time of 4 hours 8% is

found in ethanol (70% v/v) precipitable material, 8% in ethanol (70%)

soluble macromolecules and glycolipids, and 68% in low molecular

weight material (molecular weight 100-2700 daltons). After a survival

time of 24 hours, 43% of the radioactivity at the cervical enlarge-

ment is found in the pellet, 9% in the fraction of soluble macromole-

cules and only 26% in the low molecular weight fraction. A comparison

of the low molecular weight material at 4 and 24 hours shows that at

4 hours more than 80% of the low molecular weight material is not

retarded on an anion-exchanger and thought to be N-acetylhexosamines,

while after 24 hours this percentage is 50%.

The material of the 115.000 g pellet (24 hours survival time) was

divided in two fractions: lipid-bound material, containing 8-20%

of the radioactivity and non-lipid-bound material with 70-80% of

the radioactivity. Moreover, in this 115.000 g pellet, 50-75% of

the radioactivity was sialic acid-bound.
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IV-2 INTRCOÖCTION.

In order to study the transport and incorporation of sialic acid

within the neurons, N- H acetyl-D-mannosamine was injected into rat
T3 1 ~- -L J 3

brain. N- H acetyl-D-mannosamine ( H-̂ -ManNAc) is known to be predom-
•— L. —I

inantly incorporated as sialic acid into glycoproteins and ganglio-
sides (Roseman 1962, Kolcdny e.a. 1970, Rösner e.a. 1973), see fig.

3
IV-1. For the injections of H-ManNAc the red nucleus was chosen.

The red nucleus is a group of neurons in the inesencephalon, whose

axons decussate and descend into the spinal cord as the rubrospinal

tract.-In the spinal cord the nerve endings are present in the

"gray natter,*throughout -its length, although the-concentration

of the nerve endings is highest in the cervical and lumbar

enlargement (see for anatomical description Waldron and Gwyn 1969,

Murray and Haines 1975, Prendergast and Stelzner 1976).

It has been shown, that after injection of H-ManNAc in the red nu-

cleus, label is found over the entire cervical spinal cord, but a

higher density over the contralateral rubrospinal tract is found than

over the rest of the white natter (chapter III). It was therefore

concluded, that after injection of H-ManNAc into the mesencephalon,

radioactivity had been transported both with the antegrade axonal

transport and also by non-axonal pathways.

For a better understandiiig of the results of chapter III, supplement-

ing data are given in this chapter. The molecular appearance of

radioactively labelled material, that has been transported from the

mesencephalon into the spinal cord, was investigated.
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Fig. IV-1.

Metabolism of amino sugars and sialic acids (after Warren 1972),
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IV-3 MATERIALS AND METHODS.

IV-3-1 Injection procedure.

Male Wistar rats of 180-230 g, 8 months old, were injected stereo-

tactically as has been described in chapter II. The amount of H-

MariNAc injected was 60 yCi (500-712 nCi/mmol, Amersham, England).

This material was injected into either the red nucleus , thalamus

or pons.Injections into thalamus and pons served as control, because

these structures are supposed to have no efferent projections into

the spinal cord. For the described experiments 33 rats were used.

IV-3-2 Determination of gross distribution of radioactivity in

brain and spinal cord.

After a survival tine of 4, 6 or 24 hours, the animals were anaes- |

thetized with aether and killed by bleeding. Brains tern, cerebellum !;' \

and spinal cord were dissected at 4 C and kept in liquid nitrogen. , |
• 'i

On a gel slicer (Joyce Loebl) brains tem, cerebellum and spinal cord (

were cut in 1 mm thick slices. For some experiments, the lef t and right

side of a slice were separated under a dissection microscope. The ;,-•

tissue was dissolved in Soluene-350 (Packard) and subsequently analys- [

ed for radioactivity.

From the blocks containing the injection site, 10 sections of 16 ym were
cut on a cryostate. The radioactivity of these sections was determined. I \

IV-3-3 Autoradiography of the injection site.

To check the injection site of the different experiments, the area of

injection was studied with autoradiography. 16 pm sections were cut on

a cryostate, each section was mounted and fixed in isotonic buffered

formalin (7.5% sucrose, 0.067 M phosphate buffer of pH 7.2, 4% formalin)

during 17 hours and then thoroughly rinsed with isotonic buffer and

dried. The dipping procedure was performed according to Vrensen (1970)
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with the liquid emulsion Ilford K5. Exposition occurred at 4 °C in

the presence of silica gel during 3 weeks. The slides were developed

in D17 developer during 4 minutes, fixed in sodiumthiosulfate 24% and

counterstained (Romeis 1968)with cresyl fast violet (Gurr). In every

series of autoradiograms slices of tissue without radioactivity were

also processed.

Injection sites were drawn from negative prints of serial sections.

Distribution of silver grains was depicted after observation of the

sections under dark field illumination.

3V-3-4 Analysis of radioactive material.

IV-3-4-1 Subaellular fractionation.

From the cervical enlargement (17-30 mm from the red nucleus) 6 slices

of 1 mm were taken. Of the control animals, only the cervical enlarge-

ment of animals injected into the thalamus were analysed. From the slices

a 2% homogenate was made in distilled water at 4 C with a glass to

glass hanogenizer with a clearance of 0.14 mm, moving the pestle 5

times up and down by hand. Ethanol was added to a final concentration

of 70% (v/v), the homogenate was sonicated for 2 minutes (20 KC) and

centrifuged at 115.000 g for 1 hour at 4 °C. The pellet was washed

with the original volume of ethanol (70%, v/v). The two supernatants

were combined, evaporated and the material was redissolved in water.

Gangliosides were added to a final concentration of 150 yg/ml. At this

concentration micelles are formed (Kanfer and Spielvogel 1973). Gang-

liosides were prepared from calf brain as described by Roukema and

Heijlman (1970). The addition of gangliosides was necessary to prevent

the loss of gangliosides in the next step of the treatment.

This mixture was allowed to dialyse (dialysis membrane from Union

Carbide Corporation, Chicago, USA, molecular weight cut-off 12.000-

14.000) against 2 changes of 100 ml of water during 3 days. Samples

of different diffusates were counted for radioactivity. Diffusate,

retentate and pellet were analysed for radioactivity and freeze dried.
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IV-3-4-2 Analysis of the diffusate.
i

The material of the diffusate was dissolved in 1 ml triethylanimonium-

bicarbonate (TEB) buffer, 1.25 M of pH 8 and subsequently brought

on a Biogel P2 column (0.9 cm x 53 cm), that had been equilibrated

during 2 days with the same buffer. This separation was performed

to get general information on the molecular weight of the material

present in this fraction. The material was eluted with 1.25 M TEB

buffer of pH 8 with a velocity of 7 ml/hour. Fractions of 2.2 ml •

were collected and counted for radioactivity.

All the fractions eluted after the Void volume were combined,

freeze dried, dissolved in 0.005 M TEB buffer and chromatographed

on an anion-exchanger Dowex AG1-X8 (30 cm x 0.9 cm, HCO^, 200-400

mesh). Elution was achieved with a linear concentration gradient

of the same buffer from 0.005 till 0.5 M. The material was eluted

with a velocity of 4 ml/h, and fractions of 6.5 ml were collected

and analysed for radioactivity.

IV-3-4-3 Analysis of the 115.000 g pellet.

The 115.000 g pellet of rats (survival time of the rats 24 hours)

was used for determination of lipid- and non-lipid-bound radio-

activity. Isolation of glycolipids was done as described by Folch

e.a. (1957) and Heijlman (1973) with the modification, that the

spinal cord tissue was homogenized in chloroform/methanol 2:1 (v/v),

instead of chloroform/methanol 1:1 (v/v).

Material not soluble in chloroform/methanol, was treated with

pronase (Calbiochem., San Diego, Calif., USA, B grade) as described

by Heij Iran (1973). Material dissolved after pronase treatment

(glycopeptides) and residue were freeze dried separately. The dry

material of all fractions was hydrolised in 0.05 M H„SO., during
o

1 hour at 80 C and sialic acid and protein were determined. Radio-

activity was determined, eventually after dissolving the material in

Soluene.
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To determine, to which sugar residue the radioactivity is bound

when incorporated into conjugates, the 115.000 g pellet of two red

nucleus injected rats that had survived 24 hours, was hydrolysed

in 0.1 N trifluoroacetic acid (TFA) during 2 hours at 80 C, neu-

tralised with NaOH and centrifuged at 2500 g. Radioactivity was

determined in the supernatant. Another sample was taken up in 3 ml

of a solution that contained 2 mg N-acetylneuraminic acid (Koch-

Light Laboratories Ltd), 1.5 mg galactose (Sigma)and 25 itM ammonium-

acetate of pH 5.2. The added N-acetylneuraminic acid and galactose

were used as references. This solution was applied on top of a column

of Biogel P2 (200-400 mesh, 1.6 cm x 200 cm). The column was eluted

with 0.05 M NH. acetate of pH 5.0. The flow rate was 12 ml/h.

Fractions of 4 ml were collected and radioactivity was measured.

Sialic acid was determined according to Svennerholm (1957) and

galactose according to Dubois e.a. (1956). Material that not had

been dissolved after hydrolysis with 0.1 N trifluoroacetic acid,was

analysed for radioactivity after dissolving in Soluene. Part of the

insoluble residue was again subjected to hydrolysis in 4 N TFA

during 3 hours at 100 C. The supernatant was concentrated by

evaporation and analysed for radioactivity.

IV-3-5 Analytical methods.

Protein was measured with the Lowry-method (Lowry, 1951), sialic acid

according to Warren (1959), unless stated otherwise.

Radioactivity was counted in a Packard liquid scintillation counter

(model 3380) with a dioxane-based scintillation fluid (Bruno &

Christie 1961).

Tissue and insoluble residues were dissolved with Soluene-350

dur t 60 °C before mixing with scintillation fluid. With

So.. jnting efficiency was 15-20% and without Soluene 20-25%.
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I

IV-4 RESULTS

IV-4-1 Injection procedure.

After proper stereotactic injection of ; H-ManN&c in the

brain, radioactivity should be found in the red nucleus, or, in the

case of the controls, in the thalamus or pons.

An animal was considered to be injected properly, when the tip of

the needle was located within 1 ram from the red nucleus, and not

more than 0.1 mm within it, in order not to harm its cells. Also,

the silver grain density over the caudal part of the red nucleus

had to be at least twice „background level (exposition time 3 weeks

at 4°C) .In thecaseof the controls /the silver grain density had to

be at least twice above background level over the thalamus or pons,

while the red nucleus should not contain a silver grain density

above background level.

In two animals, injections into the red nucleus were made with 90 yCi

H-MariNAc. After a survival time of 24 hours, the dissected brains

were separated into a left and a right half and radioactivity was

determined in the liquid scintillation counter, immediately, or after

a stay of 24 hours in phosphate buffered formalin 4%. In the non-

fixated tissue 76-77% of the radioactivity was found on the left side

(side of injection) and 23-25% on the right side (contralateral).

In the formalin-fixated tissue 65-66% was localised at the left side

and 34-35% was at the contralateral side.

For all other experiments described in this paper, the injection

sites were checked with autoradiography. From the 31 injected animals

(with 60 jiCi H-ManNAc) 14 were considered to be properly injected

and are used in this paper. Of the properly injected animals, represent-

ative examples of injection sites are shown in fig. IV-2, the rest

of those animals are depicted in an appendix (page 219-223).
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Fig. IV-2. (page 145).

Injection sites of representative experiments for the different
survival times. A64, A48 and A86 red nucleus injections, A62 is
injected into the thalamus.
Drawings after photomicrographs, showing dark and bright field
images of autoradiograms of injection sites. The autoradiograms"=
were exposed for 3 weeks. J - '• , _
r = red nucleus, LM.= leminiscus medialis, s~ = superior colliculüs,
sn = substantia nigra, FR = fasciculus retroflexus, p = pons,
t = thalamus. ,

IV-4-2 Injection sites.

At a survival time of 4 hours, the silver grains are restricted

to the side of injection. The area containing silver grains, is

larger thanÜié^red nucleus^The^central^gray matter,r the reticular

formation and the nucleus interstitialis (Cajal) are also labelled.

After a survival time of 6 hours, the area reached by radioactivity

includes a small part.of the contralateral red nucleus. At a survival

time of 24 hours, silver grains are found over a more extensive area

of the contralateral mesencephalon.

In the controls with a survival time of 4 hours, silver grains can

be found over the thalamus on the side of injection and caudal to

the thalainus, in the reticular formation and ventral to the thalamus,

including the leminiscus medialis.

IV—4—3 Distribution of radioactivity in the spinal aord.

The distribution of radioactivity in brain and spinal cord is

shown separately for each of the 14 properly injected rats in fig.

IV-3. Radioactivity is expressed as the percentage of the total amount

of radioactivity in brain (without cerebrum) and spinal cord. Radio-

active material has been transported from the red nucleus into the

spinal cord. After injection into the red nucleus (mesencephalon)

the spinal cord can be divided into three regions according to the

the amount of radioactivity content : from 17-30 mm from
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Table IV-1.

Distribution of radioactivity. : i
Six 1 nun slices of spinal cord tissue in the cervical enlargement were homogenized, centrifuged
and dialysed as described in materials and methods. Radioactivity has been expressed as the percentage
of the total radioactivity in the central nervous system (without the cerebrum). i

Survival time

Injection site

4 hours

Red nucleus

4 hours

Thalamus or Poris

24 hours

Red Nucleus

radioact.') % of horn. radioact.") % of!horn. radioact.") % of hom.

Homogenate

Pellet

Retentate

Diffusate

Recovery

1

0

0

0

.19

.09

.09

.81

± °
t °

+ 0

+ 0

.30

.06 '

.04 1

1

.30

i

100.

7.

7.

68.

83.

0

8

8

3

9

0.

0.

0.

0.

87

10

06

52

0.

0.

0.

0.

53

07

09

25

100.

12.

11.

47.

71.

0

6

2

5

3

0.

0.

0.

0.

66

25

01

19 .

0

0

0

0

.51 :

.27

.10 ,

.12

100.0

:; 44.4

•; ;! 9.4

' 26.5

. 80.3

') Mean of 4 experiments + standard error.

") Number of experiments 2. !
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I ig. IV-3.

Distribution of radioactivity along brain and spinal cord of the
14 rats, that were considered to be injected properly. The data
are plotted for the individual rats separately. Each line represents
one rat. Radioactivity is expressedas the percentage of the total radio-
activity in the central nervous system without cerebrum. Rats were
injected either into the red nucleus or, as controls, into thalamus
or pons and survived 4, 6 or 24 hours.

the red nucleus (the cervical enlargement), from 30-60 mm (the

thoracic cord without its most caudal part) and 60-75 mm from

the red nucleus (caudal part of thoracic cord and lumbar enlargement).

In the first and che third regions radioactivity is relatively high.

This is roost prominent for the cervical enlargement at survival times

of 4 and 24 hours. At those survival times the lumbar enlargement

shows a peak in 7 of the 9 cases. At a survival time of 6 hours the

peaks of cervical and lumbar enlargements are less prominent. It is

also seen, that the amount of radioactivity transported into the

spinal cord, varies considerably between rats of the same survival

time.

After a survival time of 4 hours, the animals injected in the

thalamus or pons do not show distinct differences between the three

above mentioned regions.

IV-4-4 Analysis of transported material at the cervical enlargement.

The distribution of the radioactivity between pellet, retentate and

diffusate of the cervical enlargement of animals that survived 4 and

24 hours, is shown in table IV-1. After a survival time of 4 hours

68% of the radioactivity is dialysable (M.W. cut-off 12.000-14.000

daltons), whereas after a survival time of 24 hours only 26% of the

radioactivity can be dialysed. In comparable control animals, some-

what less than half of the material is of low molecular weight.

When red nucleus injections, with survival times of 4 and 24 hours,

are conpared, the pellet contains 8%, resp. 40% of the radioactivity.

The diffused low molecular weight material was analysed by Biogel P2

149



filtration (fig. IV-4, representative experiments) and anion-exchange

chromatography (table IV-2, representative experiments). It can be

seen, that no radioactivity is eluted in the Void volume of the

Biogel P2 column, so the molecular weight of the material at a sur-

vival time of 4 h as well as 24 h is less than 2700. The peaks in

the chramatograras of the Biogel P2 column, are eluted in a position

comparable to that of N-acetylirannosamine and N-acetylneuraminic

acid. Additional identification of the dif f usable radioactive material

was obtained by passing the material over Dowex AG1-X3 (table IV-2).

At both survival times a considerable amount of material is not bound,

While at 4 h survival time 11% and at 24 h survival time 31% is

eluted in the fractions 8-18. Non-bound material represents predomi-

nantly N-acetylhexosamine (material of the fractions 8-18), N-acetyl-

neuraminic acid and material in the other fractions may represent

organic phosphate intermediates and nucleotide intermediates in the

metabolism of N-acetylmannosamine (Heijlman e.a. 1979).

In table IV-3 the distribution of radioactivity among the various

fractions from the cervical spinal cord in red nucleus injected

rats, is shown. In the case of a survival time of 4 hours more than

50% of the radioactivity is found in N-acetylhexosamines , but after

24 hours this value is only 13%. At 4 hours 8% is found in macro-

molecular material, at 24 hours this value is 43%.

In table IV-4 results of the fractionation of the 115.000 g pellet

of rats that survived 24 hours, are shown. The KCl-fraction contains

predominantly glycolipids (Folch e.a. 1975), while the materials

that are left behind in chloroform/methanol, are other lipids.

The material that is not soluble in chloroform/methanol, and is

digested by pronase, is thought to consist of glycoprotein (Heijlman

1973). It is seen, that the ratio between protein-bound N-acetyl-

neuraminic acid (AcNeu) and lipid-bound AcNeu is approximately 2,5:1.

The ratio of protein-bound radioactivity and lipid-bound radioactivity

varies from 7:1 to 4:1.

In order to determine what kind of sugar residues were labelled,

pellets of two rats (survival time 24 h) were combined and subjected
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Fig. IV-4.

Elution profile of the radioactive material of the diffusate from
tissue of the cervical spinal cord after gelfiltration on Biogel P2,
A = standard filtration for , . . _N- P^clacetylneuraminic

acid (AcNeu) and .--.__. 3H-ManNAc.
B + C = experimental values.
B = .—» . . for survival time 4 h, recovery 72%.
C _ = for survival time 24 h, recovery 103%.
N-L'^CJacetylneuraminic acid was prepared according to Warren and
Glick (1966).

to mild hydrolysis (see materials and methods). After gelf iltration

of the supernatant on a Biogel P2 column, one peak could be observed

(fig. IV-5), that co-migrates with AcNeu (recovery 93%).

In two separate experiments, respectively 50 and 75% of the radio-

activity was removed from the pellet by mild hydrolysis (2 hours

0.1 N trif luoroacetic acid at 80 °C). Hydrolysis with more severe

methods (3 hours 4 N trifluoroacetic acid at 100 °C) and subsequent

lyophilization revealed that the radioactivity released by this

methodjwas volatile: only small amounts of radioactivity were found
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Table IV-4.

Distribution of radioactivity and AcNeu between the various fractions obtained from the pellet of red
nucleus injected rats (survival time 24 h). ; '
For the preparation of the fractions see materials and methods.

radioactivity per pellet AcNeu per pellet

Ln
N3

r a t

total

A130 A139 A140

dpm % dpm % dpm %

A130 AI39 A140

JJg X JJg % yg %

37808 100.0 22074 100.0 20291 100.0 19.58 100.0 17.34 100.0 22.65 100.0

glycol ip ids 4184 11.I 2859 13.0 3648 18.0 3.82 19.5 3.38 19.5 4.99 22.0

other l i p i d s 630 1.7 525 2.4 255 1.3 1.07 5.5 0.72 4.2 0.59 i 2.6

glycopeptides 29552 78.2 16872 76.4 13400 66.0 9.30 47.5 9.33 53.8 11.64 •!51.4

pronase residue 2516 6.7 1230 5.6 1989 9.1 0.41 2.1 0.70 4.0 1.00 i 4.4

recovery (%) 97.7 97.4 95.1 74.6 81 .5 ! 80.4



Table IV-2.

Distribution of radioactivity after Dowex AG1-X8 passage of low
molecular weight material (diffusate) from the cervical enlargement.
For the conditions see materials and methods. Two representative
examples of red nucleus injected rats are shown.

; survival time

!
total
non-bound
fracuion 8-18
fraction 27-65
recovery (%)

Table IV-3.

4 h

radioact.
(dpm)

71418'
52492
7642
5571

% of total
brought on
', column

100.0
73.5
10.7
7.8
92.0

24

radioact._
(dpm)

38793
17612
12142
3026

h •-"• '\r ~~

..% of total
brought on
column

100.0
45.4
31.3
7.8

84.5

Distribution of radioactivity among the various fractions of
spinal cord tissue in the cervical enlargement of red nucleus
injected rats.
Values are expressed as percentages of total radioactivity in
the homogenate.
AcNeu = _N-acetylneuraminic acid = fractions 8-18 of Dowex AG1-X8
column.
remaining bound mat. = fractions 27-70 of Dowex AG1-X8 column.
non-bound mat. = material, that has not been bound on the
Dowex AG1-X8 column.

survival time 4 h 24 h

homogenate
pellet
retentate
diffusate
AcNeu
remaining bound mat.
non-bound mat.

100
8
8
68
7
6
54

100
43
9
26
8
3
13

after lyophilization. This volatile compound was probably composed of

acetate,and released during strong hydrolysis from bound sugars

that contain an acetyl group (fig. IV-1). This is possible, because

the injected 'H-ManNAc was labelled in the acetyl group.
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Fig. IV-5.

Elution profile after Biogel P2 passage of mild acid hydrolised
particulate material (115.000 g pellet) of the cervical enlarge-
ment.
The place of elution of N-acetylneuraminic acid (AcNeu) and
galactose was determined with standards.
V = Void volume
recovery = 93%

IV-5 DISCUSSION.

The results of our experiments reveal, that a great part of the radio-

activity transported from the mesencephalon to the cervical cord, is

bound to low molecular weight material. Probably a great part of this

low molecular weight material consists of unmetabolised precursor

material. With increasing survival time, the portion of the low mole-

cular weight material diminishes with regard to high molecular weight

material.

Studying the presence of radioactive material in the spinal cord after

injections of H-ManNAc in the mesencephalon, several factors have to

be taken into account. Firstly, antegrade transport from the

target neurons in the red nucleus through the rubrospinal tract will
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be involved, but the possibility of spread of the radioactive pre-

cursor to other cell groups projecting to the cord has to be

considered. Moreover, retrograde transport of the precursor or its

derivates should also be taken into account. Finally,extraneuronal

transport may play a role.

IV-5-1 Injection sites.

In the autoradiograms of the injection sites (fig. IV-2) low mole-

cular material has been washed away and the silver grains therefore,

can only represent macromolecules (Williams 1977, chapter III).

Therefore, the autoradiogranis do not give information about the

diffusion of the low molecular material. However, the distribu-

tion of silver grains in the autoradicgrams can be regarded as an

approximate measure for the distribution of the total radioactivity,

because the relative amounts of radioactivity in right and left halves

remain the same before and after fixation, as measured by scintillation

counting. Considering the injection sites in fig. IV-2 one should bear

in mind that this figure only illustrates the maximum extent of the

area and that differences in concentration of the grains are not shown.

IV-5-2 Pathways for axonal transport into the spinal aord.

The neurons of the red nucleus distribute to different areas of the

central nervous system. These projections can be studied in transverse

sections by degeneration techniques or transport techniques using

labelled amino acids and autoradiography (Massion 1967, Edwards 1972).

From the red nucleus, one group of axons decussate and descend to the

spinal cord as the rubrospinal tract (Massion 1967, Waldron and Gwyn

1969, rat, Edwards 1972, cat, Martin e.a. 1973, opossum). The nerve

endings of the rubrospinal tract are located in the gray matter of

the spinal cord, in the base of the dorsal horn and the intermediate

gray, corresponding to laminae V, VI and VTI of Rexed (1952) (Waldron

and Qwyn 1969). This was also shown in chapter III after injection of

H-leucine into the red nucleus.
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The autoradiograms of sections of the injection site show (fig.

IV-2) that radioactivity is present in an area extending beyond the

red nucleus. The injections also involved structures, some of which

have their nerve endings in the spinal cord, e.g. the nucleus inter-„

stitialis (Cajal) and the superior colliculus (Kuypers and Maisky

1975).

In the control animal, injected into the thalamus, silver grains

: also extend beyond the thalamus and, although radioactivity did not

reach the cells of the red nucleus, other structures could have been

involved such as the superior colliculus, from which descending

axons supposedly terminate in the spinal cord. Transport in these

axons would, at least partly,_ explain.the presence of ithe, label in

the spinal cord of the controls.

Concerning retrograde axonal transport,which has been shown to occur

after injection of H-ManNAc (chapter II), it is likely that this

also contributes to the transport of radioactivity from the injection

site into the spinal cord. Injection into the thalamus will probably

result, when radioactive MariNAc reaches the proper thalamic nuclei,

in retrograde transport along the spinothalamic pathway (Knook 1965,

Brodal 1969). After injection of horseradish peroxidase into the red

nucleus, it has been shown that this nucleus also receives afferent

connections from the spinal cord (chapter III). A portion of the

radioactivity, transported from the mesencephalon into the spinal cord

therefore,may have been retrogradely transported.

IV-5-3 Variation in absolute amounts of injected radioactive material.

The type of injection procedure used, results in variable amounts of

radioactive material at the injection sites. This is the reason why

the radioactivity in fig. IV-3 was expressed as a percentage of the

radioactivity present in the central nervous system (without the

cerebrum) of each rat. Using this relative measure for the radioactiv-

ity, it has to be kept in mind, that values for radioactivity cannot

be compared for different survival times, because the absolute amount
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of radioactivity in the central nervous system varies in time

(Heijlman e.a. 1979).

"TV-5-4-""'-Gross distribution of radioactivity along the cord.

Figure IV-3 also shows, that the relative amounts of radioactivity

in the spinal cord vary for- individual red nucleus injected rats of

the sane survival time (e.g. 4 hours). This is probably due to

difference in the individual injection sites. Of the total amount

of radioactivity that was injected into the mesencephalon, varying

amounts of radioactive material have reached the caudal par t1 of the

red nucleus.

Apart form the axonal transport, systemic transport^through the

bloodstream has to be considered. It is known that an appreciable

amount of radioactivity can be found in the blood after a survival

time of 24 hours (chapter III).

However, despite alternative possibilities of transport, the possi-

bility of antegrade axonal transport cannot be denied. Autoradio-

graphy experiments reported in chapter III favour this possibility.

The main difference between red nucleus injected rats (4 h survival

time) and controls depicted in fig. IV-3, is the relatively high

amount of radioactivity in the cervical and lumbar enlargements of

the former. It has been described for the rat (Waldron and Gwyn 1969)

and for other mammals (Massion_ 1967), that the rubrospinal tract

terminates preferentially in the cervical and lumbar enlargements and

to a lesser extent in the thoracic cord. This suggests, that the

relatively high amounts of radioactivity in cervical and lumbar

spinal cord are probably caused by antegrade axonal transport in the

rubrospinal tract and successive arrival and accumulation of labelled

material in regions with relatively high concentrations of rubro-

spinal nerve endings.
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IV-5-5 Partial characterisation of radioactivity in the cervical

cord.

The fractionation of the radioactivity, present in the cervical

enlargement at a survival time of 4 hours, shows that nearly 70%

is found in material of low molecular weight (table IV-1). The major

part of this low molecular weight material is not retarded on an anion-

exchanger and probably consists of N-acetylhexosamines. Therefore,

it seems likely that more than 50% has arrived in the spinal cord

as unmetabolised N-acetylmannosamine molecules.

It is seen in fig. IV-2, that the labelled area in the injection

site is smaller after a survival tine of 4 hours than after 24

hours. This is probably the result of diffusion. Therefore, it is

likely that injected precursor molecules are not readily taken up

by the cells (see also chapter III). Thus, it is possible, that part

of the precursor molecules diffuse into the blood stream, resulting

in transport of low molecular weight material from the mesencephalon

to the cervical cord by the blood. This is in accordance with the

even distribution of silver grains over the cervical spinal cord in

autoradiograms of rats that survived 24 hours (chapter III). It is,

however, not excluded, that low molecular material has been trans-

ported with the axonal transport.

Several authors have studied the transport of different kinds of

radioactively labelled substances after injection of H-ManNAc

(McEwen e.a. 1971, Fortran and Ledeen 1972, Rösner e.a. 1973, Rahmann

and Breer 1975). It was found that, after 6-24 hours, trichloroacetic

acid (TCA) soluble radioactivity appeared in the optic nerve and

tract as well as in the optic lobe. The optic nerve contained more

TCA soluble radioactivity than the optic lobe (Rahmann and Breer

1975, Rösner 1975, Rösner e.a. 1973) and the proximal part of the

nerve (near the injected eye) contained more TCA soluble radio-

activity than the distal part of the nerve (Rahmann and Breer 1975,

Rösner e.a. 1973). In the optic lobe, there is less TCA soluble

radioactivity and there is hardly any difference between the ipsi-
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and contralateral optic lobe (Forman and Ledeen 1972, McEwen e.a.

1971, Rösner e.a. 1973, Rahmann and Breer 1975, Rösner 1975).

It has been shown, that the composition of the radioactive com-

pounds in the cervical spinal cord changes (table IV-3): after

4 hours the majority is of low molecular weight, after 24

hours, nearly half of the radioactivity is of high molecular weight.

This can be due to incorporation of labelled low molecular weight

molecules into macromolecules (membranes), or, it is due to dis-

appearance of the low molecular weight molecules out of the

cervical spinal cord. This last phenomenon can be realised by

antegrade or retrograde axonal transport or by the blood stream.

The determination of the amount of radioactivity, which is lipid-

bound or protein-bound as shown in table IV-4, is striking due to the

fact that glycoproteins are predominantly labelled. Lipid-bound

material does not contain much radioactivity. This is not in

accordance with the results of Rösner e.a. (1973), who found the

majority of the label in lipid-bound material after intraocular in-

jection of H-ManNAc. This could be partly due to the fact, that in t

brain tissue the ratio of ganglioside-N-acetylneuraminic acid to

sialoglycoprotein-N-acetyl neuraminic acid is 3:1 (Morgan e.a. 1977),

while in spinal cord tissue it is 1:3 (table IV-4). Ueno e.a. (1978)

mention also, that spinal cord tissue contains a lower concentration

of gangliosides than cerebral gray and white matter. But also, Rösner

e.a. (1973) found, that intracranial injection resulted in labelling

of gangliosides and glycoproteins to a similar extent, while intra-

ocular injection resulted in a higher labelling of the gangliosides

with regard to the glycoproteins. The manner of injection seems to

influence the extent of incorporation into lipid-bound or protein-

bound material.

50-75% of the radioactivity in the pellet (survival time 24 hours) is

bound to N-acetylneuraminic acid as part of macromolecules present

in this fraction. Rösner e.a. (1973) and Roseman (1962) measured a

much greater percentage of radioactivity in N-acetylneuraminic acid

after incubation with H-ManNAc.
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C H A P T E R V

CONCLUSIONS AND DISCUSSION.

Experiments reported in chapters II, III and IV show that injection

of H-ManNAc into the mesencephalon is followed by retrograde and

probably antegrade. axonal transport of radioactiye material (fig.

V-l).

Biochemical analysis of this material, as it is transported from

the red nucleus to the cervical enlargement, showed "that the^maj or ity

of the radioactivity is present in low molecular weight material. The

ratio high molecular radioactivity/low molecular radioactivity in the

cervical enlargement increases in the course of time, from 0.1 at

4'Hours to 0.6 at 24 hours after injection.

The majority of the labelled low nulecular weight material in the

cervical cord presumably consists of the unmetabolised precursor.

The distribution of H-ManNAc derived macromolecular radioactivity

over the cervical cord was found to be more extensive than would be

expected from antegrade transport through descending pathways from

the red nucleus. The possibility of other modes of transport, such

as retrograde axonal transport and extra-axonal transport _of the

radioactive precursor, therefore, has to be taken into account (fig.

V-l).

V-l Retrograde axonal transport.

3V-l-1 Mechanism of uptake of H-ManNAc or it,- derivates into nerve

endings.

Uptake of glycoproteins into cells by means of endocytosis, after

specific binding to plasma membrane receptors, has been observed
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Fig. V-I.

Possible mode of transport of radioactivity after injection of H-ManNAc into the red nucleus.
O = low molecular weight material
• = high molecular weight material
0 = either high or low molecular weight material

a = antegrade axonal transport
b = non-axonal transport (e.g. blood)
B = neuronal cell body
E = nerve ending
G = glial cell compartment
I = injection needle
r = retrograde axonal transport
t = transneuronal transport



I

in hepatocytes (Ashwell and Morell 1974) and fibroblasts (Vladutiu

and Rattazzi 1978, Beeck e.a. 1979). Glycoproteins that can be taken

up, are characterised by terminal galactose (Ashwell and Morell 1974)

N-acetylglucosamine (Stockert e.a. 1976, Kawasaki and Ashwell 1977)

and terminal L-fucose (Prieels e.a. 1978). The uptake of lysosomal

enzymes (that are predominantly glycoproteins) with a terminal

galactose, mannose-6-phosphate or mannose in hepatocytes have been

shown (Ullrich e.a. 1979). Terminal sialic acid residues of glyco-

proteins, however, diminish the ability to be taken up by liver

cells (Ashwell and Morell 1974), but Vladutiu and Rattazzi (1979)

did not observe differences in uptake of sialic acid containing

enzymes into fibroblasts, before and after removal of sialic acid.

It is known that some glycoproteins are taken up into nerve endings.

It is likely that 3-N-hexosaminidase A can be taken up, since it

was shown, that this lysosomal enzyme can bind specifically to

synaptoscmal plasma membranes (Kusiak e.a. 1979). A glycoprotein,

horseradish peroxidase (HRP), isolated from plants, has been shown

to be readily taken up by nerve endings and afterwards to be retro-

gradely transported (Kristensson e.a. 1971, LaVail and LaVail 1974).

The isoenzymes of HRP involved in retrograde transport (Bunt e.a.

1976) contain the sugar residues xylose, fucose, mannose, galactos-

amine and mannosamine (Shannon e.a. 1966). Chemical alteration of

the carbohydrate residues of HRP destroys the ability for uptake

into nerve endings, indicating that the carbohydrate moiety is

involved in this process.

The uptake of various unincorporated sugars into cells of a variety

of different tissues, including cell bodies of neurons, have been

shown in many reports. Moreover, uptake of unincorporated sugars

into synaptosomes have been shown for D-glucose, 2-deoxy-D-glucose,

D-galactose and D-glucosamine by Diamond and Fishman (1973), Heaton

and Bachelard (1973), Warfield and Segal (1974) and Tan e.a. (1977),

indicating possible uptake of unincorporated sugars into intact

nerve endings.

From experiments described in chapter II, it was concluded that
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3
injected H-ManNAc or its derivates can be taken up by intact axons

or nerve endings, provided that the concentration is sufficiently

high. It is not known, whether the uptake of radioactive material

occurs as low rs- high molecular weight material.

One of various possibilities of the uptake mechanism of injected

H-ManNAc or its derivates is, that H-ManNAc uses the same receptor

on nerve endings as HRP does, assuming that incorporated mannosamine

in HRP is a terminal residue and determines the uptake of HRP into

nerve endings. In this case, preceding incorporation of H-MariNAc

into glycoconjugates is unlikely, because hitherto no mannosamine

residue containing sugar chains have been demonstrated in animal

tissues. Moreover, the uptake of unincorporated sugars seems to be

possible, as was mentioned before, so that uptake of unincorporated

H-ManNAc does not seem to be impossible.

On the other hand, the uptake of unincorporated H-ManNAc derived

radioactive glycoconjugates have to be taken into account. ManNAc

is predominantly incorporated as N-acetylneuraminic acid into con-

jugates (chapter IV). The observation of the binding of the lyso-

somal enzyme 3-N-hexosaminidase A to synaptosomal plasma membranes

favours the possible uptake of a glycoprotein into nerve endings.

The sugar composition of this enzyme has not yet been elucidated,

however.

Another glycoprotein, dopamin-B-hydroxylase can also be taken up

into nerve endings (Nagatsu e.a. 1976); this enzyme contains very

little carbohydrate and a minimum of N-acetylneuraminic acid, most

of the carbohydrate consists of mannose and N-acetylglucosamine.

Thus, at the moment, it cannot be decided, whether H-ManNAc derived

radioactivity is taken, up into nerve endings in high or low molecular

form.

V-l-2 Possible significance of retrograde axonal transport.

As yet the biological significance of retrograde axonal transport

remains obscure. Retrograde transport of ManNAc or its derivates
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would be advantageous, when sugar residues are to be recycled.

There are indications of recycling of sialic acid, after injection

of H-ManNAc into the brain of the rat (Heijlraan e.a. 1979). In

this case glycoconjugates in nerve endings would be broken down

to a greater or lesser extent by lysosomes and the fragments would

be transported retrogradely to be incorporated again into glyco-

conjugates in the cell body.

Another possible function of retrograde transport is suggested by

the observation that, after injection of H-ManNAc, glial cell

bodies contain a higher concentration incorporated radioactivity

than neuronal cell bodies (Reisert and Pilgrim 1979). This obser-

vation could mean (but does not prove), that the synthesizing

capacity for sialoglycoconjugates from H-ManNAc is greater for

glial cell bodies than for neuronal cell bodies. When it is

assumed that neurons are dependent on glial cells for the synthesis

of certain macro-molecules such as glycosidases from this precursor

then the secretion by glial cells of these substances in the extra-

cellular space, uptake by nerve cell processes and retrograde

transport towards the cell body are the logical consequences.

V-2 Antegrade axonal transport.

In experiments reported in chapters II and III antegrade transport

was observed after injection of H-ManNAc into the mesencephalon.

In one of the experiments with retrograde labelling through the

superior cerebellar peduncle of cell bodies in the central cere-

bellar nuclei (A117), an intense but localised labelling of the

neuropil of the anterior interposed nucleus was present. This

corresponded to the labelling found in experiments with antegrade

transport of H-leucine in the rubrocerebellar system and reports

in the literature on the termination of this system. Apart from

this localised neuropil labelling, a more diffuse labelling of

the neuropil of the central nuclei was observed in all experiments.

This might be due to the retrograde labelling of fine dendrites,
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but could also be the result of extra-axonal, systemic transport

through the blood stream.

The experiments devised to study antegrade axonal transport along

the axons of the rubrospinal tract (reported in chapter III), show

a higher grain count over the contralateral tract after injections

of ft-ManNAc into the red nucleus. However, in these experiments

the possibility of retrograde transport along spino-mesencephalic

pathways and the presence of a diffuse labelling over the whole of

the gray matter also complicate the picture. Moreover, no distinct

indications for labelling in the nerve endings of the rubrospinal

tract could be found.

As shown for rat A119, the appearance of antegrade axonal transport

along axons of the rubrospinal tract requires a lower concentration

of H-ManNAc at the injection site than retrograde axonal transport

along axons of the brachium conjunctivum (chapters II and III). In

rat A119, the silver grain density over the caudal red nucleus was
2

12-50 silver grains per 60.84 \im , designated as "lower silver

grain density". Silver grain counts of different regions over the

cervical spinal cord revealed a higher labelling over the contra-

lateral rubrospinal tract. However, no accumulation of silver grains

over cell bodies in one of the cerebellar nuclei could be detected,

indicating, that only a very small amount of radioactivity or no

radioactivity at all had been transported retrogradely.

The even distribution of radioactivity over the cervical spinal cord

suggests that radioactivity is not transported exclusively through

the axons but also by other means such as by the blood or by diffusion.

The total amount of labelled and unlabelled ManNAc injected, is highly

concentrated. Probably, the amount is too high to be taken up by the

cells (neuronal and glial cells) in a short time interval. The obser-

vation of injection sites at different time intervals (fig. IV-2) is

in accordance with this view: in the course of time the area occupied

by the labelled material gradually enlarges: diffusion has taken

place. Even after a survival time of 24 hours, a large part of the

radioactivity at the injection site is of low molecular weight

(unpublished results). Precursor molecules that are not taken up
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either into glial or neuronal cells, therefore, can either diffuse

or end up in the blood stream.

V-2-1 Low moleaulap weight material.

The manner in which low molecular precursor material has been

transported into the cervical spinal cord remains uncertain. It

is probable, that part of it reaches the cord by diffusion or is

transported with the blood. Results of experiments, in which the

optic system was used (injection of H-ManNAc into the eye), showed

that the optic nerve and tract at the injected side contained more

TCA soluble material than the optic nerve and tract of the uninject-

ed system (SSsner e.a. 1973, Rahmann and Breer 1975, Rösner 1975).

These findings were interpreted to indicate antegrade axonal trans-

port of low molecular weight labelled material. However, it is also

possible that this phenomenon is due to diffusion of precursor

molecules form the injection site, because of the shorter distance

of the nerve and tract from the injected side to the injected eye,

than from the contralateral nerve and tract.

V-2-2 Local incorporation of low molecular weight radioactivity.

The results of the silver grain counts of autoradiograms of the

cervical cord (chapter III) did not reveal a distinct accumulation

of high molecular weight radioactivity in the region containing

terminals of the rubrospinal tract at a survival time of 24 hours.

This result precludes the incorporation of a relatively large

amount of labelled low molecular weight material into the nerve

endings.

In apparent contradiction to this are the results that are depicted

in fig. IV-3, and which concern the gross distribution of radio-

activity in the spinal cord as measured by liquid scintillation

counting.

In most cases an injection of H-ManNAc into the red nucleus is
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followed by an accumulation of radioactivity at the cervical and

1 itibar enlargements, where the highest density nerve endings of the

rubrospinal tract are to be found. No appreciable accumulation of

radioactivity at the enlargements could be seen after injection of

radioactivity into the thalamus. This suggests accumulation of radio-

activity in regions with high density of rubrospinal nerve terminals

after antegrade axonal transport along axons of the rubrospinal tract.

A tentative explanation for this could be a release of radioactivity

from nerve endings after antegrade axonal transport in the rubro-

spinal tract. The majority of the radioactivity that leaves the

rubrospinal nerve endings and diffuses over a small distance, would

be incorporated into glial cells. Glial cells are known to incorporate
3H-ManNAc readily (Reisert and Pilgrim 1979).

Concluding it can be said, that, under the experimental conditions

in this study, the incorporation of low molecular weight material

into rubrospinal nerve endings could not be shown.

V-3 Outlook.

Summarizing, the experiments in this study show the occurence of

antegrade axonal transport along axons of the rubrospinal tract and

the presence after short survival times of low molecular weight

material in regions with rubrospinal nerve endings, and, at longer

survival times of increasing amounts of high molecular weight material

in these regions.

It was not possible, however, to show unequivocally that high molecular

weight material accumulates preferentially in regions with rubrospinal

nerve endings. Therefore, it remains undecided, whether the necessary

conditions for incorporation of low molecular weight radioactivity

into nerve endings of the rubrospinal tract after antegrade axonal

transport are fulfilled. The major reason for the difficulty in the

interpretation of these results on the localisation of high molecular

weight radioactive material, is the large amount of extra-axonally

transported radioactivity. Diffusion of precursor into the blood

stream is probably due to the slow uptake into cells as compared
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to the large amount of ManNAc injected, and the subsequently extra-

cellular ly located ManNAc in the injection site.

To overcome this difficulty, the following experiments are possible.

-1. The use of different survival times. In chapter III, only one

survival time (24 hours) was used. This period is sufficient for

the fast axonal flow to reach the cervical spinal cord, but -

shorter survival tiroes would be as effective. It could be expect-

ed that contamination with non-axonally transported radioactivity

would be less. -

2. The concentration of nerve endings of the rubrospinal tract is

not very high. One could inject into another_neuronal system

such as:rthe^avian; optic "system, which is known to have highly

concentrated nerve^ endings. Possible accumulation of radioactivity

in that region would not be so readily obscured by label, that has

arrived by an extra-axonal route. ._ _ _

3. Since the specific radioactivity of the labelled precursor mate-

rial was rather low, a high concentration of ManNAc had to be in-

jected in order to get a moderate quantity of radioactivity at

the injection site. As the capacity for uptake of ManNAc appears

to be limited, the concentration should be as low as possible. A

low concentration of the precursor can be achieved by injecting

precursor molecules of a very high specific radioactivity.

Another problem, that requires further investigation, is the question

of whether retrograde transport concerns low or high molecular weight

material. Electron microscopic autoradiography (using a proper fixa-

tive, that fixates only high molecular weight compounds) of the red

nucleus should give information about this matter. When high molecular

weight radioactivity is retrogradely transported, then the question of

where incorporation of radioactivity takes place can be studied.

Retrograde transported material should be analysed biochemically.

Moreover, injection of radioactively labelled 3-hexosaminidase A

into the red nucleus could be tried, to test whether this substance

can be transported retrogradely along axons of the brachium con-

junctivum.
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•mannosamine

I

SUMMARY.

Young adult rats received injections of N- H acetyl-D-i

( H-ManNAc, a precursor of sialic acid) into the red nucleus.

Axonal transport of the tritiated compounds along the axons of

afferent and efferent connections of the red nucleus was studied

and the transported material was analysed. Axoplasmic transport

can occur in two directions: from the cell body to the nerve endings

(the antegrade axonal transport), and from the nerve endings to the

cell body (the retrograde axonal transport). The red nucleus is a

group of neurons located in the mesencephalon with afferent connec-

tions that originate predominantly in the cerebellum as the brachium

conjunctivum, and efferent connections, of which the crossed descend-

ing connections to the spinal cord are united in the rubrospinal

tract.

The investigation was carried out with light microscopic auto-

radiograohy and biochemical methods.

Autoradiography of animals injected with H-ManNAc into the red

nucleus revealed that cell bodies of the central cerebellar nuclei

showed an accumulation of radioactivity. After injection into the

mesencephalon of horseradish peroxidase (HRP), which is known to be

transported in axons retrogradely, an identical distribution of HRP

reaction product was found. After injection of a mixture of HRP and

H-ManNAc, it could be shown that cell bodies of the central cere-

bellar nuclei accumulated HRP as well as the radioactive compound.

After injection of H -leucine, which is known to be transported

exclusively by the antegrade flow, no accumulation of radioactivity

in cell bodies was found. It was concluded, that H-ManNAc or its

labelled metabolites are transported by retrograde axonal transport

through the brachium conjunctivum.

In autoradiograms of the cervical spinal cord, silver grains rep-

resent high molecular weight material. Autoradiography of the cervi-

cal spinal cord of animals with injections of H-ManNAc into the red

nucleus revealed that the radioactivity has a fairly even distribution.
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The gray matter seems to be labelled more intensely than the white

natter. The same distribution was observed in the cervical spinal
3

cord of animals injected with H-ManNAc into the thalamus. These

were used as a control because the thalamus does not have ef ferents

projecting to the spinal cord. For autoradiograms of the cervical

spinal cord after slow antegrade axonai transport of H-leucine-

labelled proteins from the red nucleus, the distribution of the

silver grains is more specific: axons in the dorsolateral part of

the contralateral lateral funiculus are heavily labelled, and less

label is present over the laminae V, VI and VII of the gray matter

(as described by Rexed, J. comp. Neurol. 96, 1952, 415-495). These

results are in accordance with the neuroanatomical results of Waldron

and Gwyn (J. comp. Neurol. 137, 1969, 143-154) and Brown (J. comp.

Neurol. 154, 1974, 169-188), who described the rubrospinal tract in

the rat. The axons of the rubrospinal tract are situated in the

dorsolateral part of the lateral funiculus, contralateral to the

side of the lesion, and nerve endings are situated in laminae V, VI

and VII, at this side.

In autoradiograms of the cervical spinal cord, silver grains were

counted in different regions of white and gray matter. Statistical

analysis of these counts revealed, in the case of red nucleus in-

jections of either H-ManNAc or H-leucine, that the region of the

contralateral rubrospinal tract axons was significantly more labelled

than other regions of the white matter. When rats were injected with

H-ManNAc into the thalamus, this difference could not be seen.

For injections of H-leucine into the red nucleus, higher values

for the silver grain density in the nerve ending region of the rubro-

spinal tract than for other regions in the gray matter could be shown.

The results of the silver grain counts therefore indicate, that ante-

grade axonai transport of radioactive material in rubrospinal axons

occurs after injection of H-ManNAc into the red nucleus. However,

no distinct accumulation of radioactivity could be shown in the case

of H-ManNAc injection into the thalamus.

The total amount of radioactivity along brainstem and spinal cord
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was measured at different survival times. For this purpose the

brainstem and spinal cord were cut into slices of 1 mm. The slices

were then counted in a liquid scintillation counter. Injections of

H-ManNAc into the red nucleus resulted in a distribution of the

radioactivity along the spinal cord, which showed a relatively

high radioactivity at the cervical and lumtSar enlargements, and

less radioactivity at the thoracic level. This was not the case

in thalamus injected aniitials, where radioactivity seemed to be

evenly distributed along the spinal cord. The cervical and lumbar

enlargements are known to contain the highest amounts of rubro-

spinal nerve endings, and the accumulation of radioactivity at

the enlargements is therefore thought to be caused by antegrade

axonal transport of radioactivity along the rubrospinal tract.

Transported radioactive material was analysed "at the cervical

enlargement. In rats injected with H-ManNAc and surviving for

4 hours, 70% of the radioactive compounds appeared to be of low

molecular weight and 20% of high molecular weight (subcellular

fractionation). After a survival time of 24 hours only 25% of

the radioactivity was recovered as low molecular weight material.

The majority of this material appeared to be electrically neutral

(anion-exchange chromatography) and presumably consists of un-

metabolised precursor, although 5-10% of the low molecular weight

material can be recognised as N-acetylneuraminic acid.

Radioactivity in the cervical spinal cord bound to macromolecular

structures, appeared to be incorporated for about 10% to glycolipids

and for about 90% to glycoproteins. When radioactivity in rnacro-

molecular material was subjected to hydrolysis and subsequent gel

filtration, .the radioactivity appeared to be bound for 50-75% to

N-acetylneuraminic acid.

Apart form antegrade axonal transport of H-ManNAc or its metabolites

from the red nucleus to the spinal cord extra-axonal transport of

radioactive material to the cord seems to occur. After injections

of H-ManNAc into both the red nucleus and in the thalamus, the

autoradiograms of the cervical cord showed a diffuse labelling
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outside the area of the rubrospinal t r ac t . Moreover, a high anoint

of low molecular weight material, of which axonal transport could

not be unequivocally demonstrated, occurs at both enlargements.

Finally, significant cmounts of radioactive material could be

recovered from the blood in H-ManNAc injected animals.



SAMENVA.1TING van het proefschrift met als titel:

Axonaal transport na injektie van N-l H acetyl-D-mannosamine in de

hersenstam van de rat.

Aan de buitenzijde van dierlijke cellen bevinden zich suikerketens,

die gebonden zijn aan membraan-eiwitten (glycoproteïnen) of -vetten

(glycolipiden). Deze suikerketens spelen een rol in het kontakt van

de cel niet de buitenwereld. De samenstelling van deze suikerketens

kan verschillen. Veranderingen in de samenstelling zal veranderingen

in eigenschappen van het celmembraan teweegbrengen, veranderingen

die op hun beurt weer de interaktie van de cel met zijn omgeving

beïnvloeden.

Het is de vraag, of veranderingen in de .samenstelling van suiker-

ketens ter plaatse, aan de buitenkant van het plasmamembraan kan

plaatsvinden, of dat de inkorporatie van suikers in de suikerketens

van glycoproteïnen en glycolipiden slechts bij het nieuw aanmaken

van deze molekulen in het cytoplasma (met name in het Golgi apparaat)

geschiedt.

In dit proefschrift werd voor ëën bepaalde suiker (N-acetylneuramine

zuur) onderzocht of de inbouw in zenuwcellen in glycoproteïnen en

glycolipiden plaatsvindt in de eindknoppen van het axon of dat uit-

sluitend sprake is van inbouw in het in het cellichaam gelegen Golgi

apparaat van de zenuwcel. De literatuur levert inderdaad aanwijzingen

voor het bestaan van transport langs axonen van laag molekulair ge-

bonden radioaktiviteit (mogelijk losse suikers) naar de eindknoppen

van het axon, na injektie van een voorloper van N-acetylneuramine

zuur in de buurt van cellichamen.

In dit onderzoek werd geprobeerd aan te tonen met behulp van axonaal

transport dat plaatselijke inbouw van N-acetylneuramine zuur in

eindknoppen inderdaad plaatsvindt.

Axonaal transport is het vervoer van stoffen zoals eiwitten en vetten

(glycoproteïnen en glycolipiden inbegrepen) en strukturen, zoals

mitochondria en blaasjes door het axon. Het transport kan in twee

richtingen plaatsvinden: antegraad, van het cellichaam naar de
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uiteinden van het axon, en retrograad, van de eindknoppen van het

axon naar het cellichaam (zie fig. S-l).

retrograad axonaal transport

cellichaam

eindig ing

antegraad axonaal transport,

cellichaam

Fig. S-l. Antegraad en retrograad axonaal transport in zenuwcellen.

Radioaktief gelabeld N- H acetyl-D-mannosamine, een voorloper van

N-acetylneuramine zuur werd in de rode kern van jong volwassen

ratten ingespoten. Er werd achtereenvolgens onderzocht:

1. of er axonaal transport van radioaktiviteit optreedt

2. in welke richting dit axonaal transport plaatsvindt

3. of antegraad, naar de eindknoppen van de axonen getransporteerde

radioaktiviteit, zich ter plaatse bevindt in laag dan wel in

hoog molekulaire verbindingen, en

4. of de verhouding laag/hoog molekulaire radioaktiviteit verandert

bij een langere overlevingstijd.

Een overwegen van de radioaktiviteit in laag molekulair materiaal

bij korte en een toename van de radioaktiviteit in hoogmolekulair

materiaal bij langere overlevingstijden zou immers kunnen wijzen op

het bestaan van lokale inbouw van de onderzochte suiker.

Het radioaktief gelabeld N-l Hj acetyl-D-mannosamine werd ingespoten

in de rode kern. De rode kern is een groep zenuwcellen in de hersen-

stam waarvan de afferente en ef ferente verbindingen afgebeeld zijn

in fig. S- 2.
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rütrograad axonaal transport

brachium conjunctivum =

afferent

rode kern

antegraad axonaal transport

cerebellaire

kernen

ruggemerg

- * •

rubrospinale baan = efferent

Fig, S-2. Schematisch overzicht van het gebruikte zenuwsysteem.

De voornaamste afferente verbinding ontspringt aan cellen gelegen

in de centrale cerebellaire kernen. De axonen van deze cellen die

in de rode kern eindigen verlopen in het zgn. brachium conjunctivum.

De belangrijkste efferente verbinding die aan de cellichamen van de

rode kern ontspringt is de rubrospinale baan, die in de hersenstam

volledig kruist en in het ruggemerg eindigt.

1 en 2. Retrograad axonaal transport.

Met autoradiografie (op lichtmikroskopisch nivo) werd waargenomen,

dat cellichamen van de centrale cerebellaire kernen na injektie van

N-l HJ acetyl-D-mannosamine ( H-ManNAc) in de rode kern een opeen-

hoping van zilverkorrels (= radioaktiviteit) vertonen. Na een derge-

lijke injektie van mierikswortel peroxidase (HRP) in de rode kern,

een stof waarvan het bekend is dat het retrograad wordt getranspor-

teerd, kon een qua plaats en verdeling identieke opeenhoping van

reaktieprodukt van HRP-aktivitei,:. /borden waargenomen in cellichamen

in de centrale cerebellaire kernen. Na injektie van een mengsel van

H-ManNAc en HRP kon worden aangetoond, dat sommige cellichamen van

de centrale cerebellaire kernen opeenhoping vertoonden van zowel

zilverkorrels (= radioaktiviteit) als van het reaktieprodukt van

179



HRP. Na injektie van I HJ-leucine, waarvan het bekend is dat het uit-

sluitend antegraad getransporteerd wordt, kon geen opeenhoping van

radioaktiviteit in cellichamen van de centrale cerebellaire kernen

worden waargenomen.

Uit het voorgaande werd gekonkludeerd, dat H-ManNAc, of gelabelde

metabolieten ervan, met het retrograad axonaal transport door axonev:

van het brachium conjunctivuiti getransporteerd worden naar de centrale

cerebellaire kernen.

1 en 2. Antegraad axonaal transport.

Bij de autoradiografische techniek wordt radioaktief materiaal, door

middel van een fotografische emulsie, in weefselcoupes aangetoond.

Laag molekulair radioaktief materiaal is door de door ons gebruikte

histologische procedure uit de coupe weggewassen. Zilverkorrels in

de emulsie duiden dus op de aanwezigheid in de coupe van radioakti-

viteit in hoog molekulair materiaal.

Autoradiografie van het ruggemerg na een injektie van H-ManNAc in

de rode kern en een overlevingstijd van 24 uur liet zien dat de

radioaktiviteit gelijkmatig over de dwarsdoorsnede van het rugge-

merg '-HS verspreid. De grijze stof leek iets sterker gelabeld dan

de witte stof. Deze verdeling leek sterk op die na een injektie van

H-MariNAc in een ander deel van de hersenen, de thalamus. De thala-

mus werd gebruikt als controle, omdat de thalamus geen efferente

verbindingen met het ruggemerg heeft.

Als men echter de autoradiogrammen bekijkt van het ruggemerg van

ratten, die met I Hj-leucine ( H-leu) in de rode kern waren inge-

spoten, ziet men dat de zilverkorrels niet verspreid liggen over de

gehele dwarsdoorsnede, maar dat de axonen van de rubrospinale baan

in de achter-zij streng en het gebied met de eindigingen van deze

baan in de intermediaire grijze stof selektief gelabeld zijn.

De verschillen in zilverkorrelkoncentraties over het ruggemerg na
3 3

inspuiting van H-ManNAc en H-leu. in de rode kern berusten op het

direkt waarnemen van de coupes onder hst mikroskoop. Kleine ver-

schillen in dichtheid van de zilverkorrels kunnen op deze wijze

180



echter niet worden vastgesteld, hiervoor is het noodzakelijk

zilverkorrels te tellen.

Autoradiogrammen van het ruggemerg werden gebruikt voor het tellen

van zilverkorrels in verschillende gebieden van zowel de witte als

de grijze stof. Statistische analyse van deze gegevens laat zien

dat bij ratten, die in de linker rode kern worden geïnjekteerd met

hetzij H-ManNAc, hetzij H-leu, de witte stof boven de axonen van

de rubrospinale baan aan de rechter kant een hogere zilverkorrel-

dichtheid bezat, dan andere gebieden van de witte stof. Bij ratten,

die met H-ManNAc in de thalainus werden geïnjekteerd, kon dit ver-

schil niet worden aangetoond. Deze resultaten geven aan, dat na in-
3 3

jektie van zowel ' H-ManNAc als van H-leu antegraad axonaal trans-

port van radioaktiviteit langs de rubrospinale baan plaatsvindt.

Bij het mikroskopiserenvan de coupes viel de selektieve labeling

van de rubrospinale baan na injekties van H-ManNAc in de rode kern

minder op, omdat de gehele dwarsdoorsnede van het ruggemerg in deze

gevallen een diffuse labeling vertoont. Opvallend is, dat na in jektie

van H-leu het eindigingsgebied van de rubrospinale baan er wél, na

injektie van 'H-ManNAc er niet door een groter aantal zilverkorrels

uitspringt (zie ook punt 3).

De gelijkmatige verdeling van radioaktiviteit over het ruggemerg,

na injekties van H-ManNAc in de rode kern of de thalamus, doet

veronderstellen dat naast antegraad axonaal transport ook extra-

axonaal transport plaatsvindt. Het optreden van transport via het

bloed is waarschijnlijk vanwege metingen van radioaktiviteit in het

bloed van geïnjekteerde dieren, waarbij vrij hoge waarden werden

gevonden. Hiernaast zou retrograad transport uit thalamus en rode

kern naar het ruggemerg een waarschijnlijke geringe rol kunnen

spelen.

3. Radioaktiviteit in eindigingen van het axon.

In het gebied met eindigingen van de rubrospinale baan, na injektie

van H-leu in de rode kern, werden met behulp van statistische ana-

lyse, hogere waarden voor de zilverkorreldichtheid (= hoog molekulaire
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I

radioaktiviteit) gevonden dan in andere gebieden van de grijze stof.

Bij ratten/ die waren ingespoten met H-ManNAc in hetzij de rode

kern hetzij de thalainus, konden voor dit gebied geen duidelijk

herhaalbare verschillen worden aangetoond. De verdeling van de to-

tale hoeveelheid radioaktiviteit over hersenstam en ruggemerg werd

nu gemeten bij verschillende overlevingstijden. Hiertoe werden hersen-

stam en ruggemerg in plakjes van 1 mm gesneden en van de plakjes werd

daarna de radioaktiviteit in een vloeistofscintillatieteller bepaald.

De verdeling van radioaktiviteit over het ruggemerg vertoont na in-

jektie van H-ManNAc in de rode kern een piek in die delen van het

ruggemerg, waar zich de meeste eindigingen van de rubrospinale baan

bevinden, namelijk in de cervicale en lurribale intumescentie. In delen

van het ruggemerg, waar zich minder eindigingen bevinden, wordt ook

minder radioaktiviteit gevonden. Dit verschijnsel werd niet waarge-

nomen in dieren, die waren geïnjekteerd in de thalamus of de pons.

Deze radioaktiviteit lijkt te zijn veroorzaakt door opeenhoping

van antegraad axonaal getransporteerde radioaktiviteit in of bij

de eindigingen van de rubrospinale baan.

Bij het zoeken naar een verklaring van beide onder 3 genoemde waar-

nemingen, de afwezigheid van H-ManNAc geïnduceerde labeling over

de eindigingen van de rubrospinale baan in autoradiogrammen en de

aanwezigheid van radioaktiviteit in deze gebieden in de vloeistof-

scintillatieteller experimenten, dient rekening te worden gehouden

mat het feit dat autoradiografie slechts hoog molekulair materiaal

aantoont. Beide waarnemingen zouden hun verklaring kunnen vinden

indien werd aangenomen dat het, in laag molekulaire vorm, getrans-

porteerde materiaal reeds snel uit de eindigingen van de axonen

diffundeert en door naburige cellen wordt ingebouwd.

4. Verhouding laag/hoog molekulaire radioaktiviteit.

De radioaktiviteit van een gedeelte van het ruggmerg met een rela-

tief hoge koncentratie rubrospinale eindigingen werd gedeeltelijk

gekarakteriseerd met behulp van biochemische technieken na injektie

van H-ManNAc in de rode kern.
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Bij een overlevingstijd van 4 uur was 70% van de radioaktiviteit

aanwezig in laag nolekulaire verbindingen en 20% in hoog molekulaire

verbindingen. Na 24 uur zijn deze percentages resp. 25% en 40%. Het

grootste deel van het laag molekulair materiaal is vermoedelijk on-

gemetaboliseerdManNAc; 5-10% van het laag molekulaire materiaal

kon worden geïdentificeerd als N-acetylneuraniine zuur. De radio-

aktiviteit in hoog molekulaire verbindingen (overlevingstijd 24 uur)

bleek voor 10-20% aan glycolipiden en voor 80-90% aan glycoproteïnen

gebonden te zijn. Van het hoog molekulaire materiaal werd bepaald

dat 50-75% van de radioaktiviteit aan N-acetylneuramine zuur ge-

bonden was.

Is er sprake van Ickale inbonv van ManNAc-afgeleide radioaktiviteit

in eindigingen?

Aangezien radioaktiviteit in hoog molekulaire verbindingen in gebie-

den met eindigingen van het gexnjekteerde systeem niet ondubbelzinnig

kon worden aangetoond, blijft het de vraag of inbouw van N-acetyl-

neuramine zuur na antegraad transport kan plaatsvinden. Er is meer

meer onderzoek nodig om met zekerheid te kunnen zeggen, dat slechts

een zeer klein deel van het radioaktief gelabelde N-acetylneuramine

zuur, dat is ingebouwd in glycoconjugaten in eindknoppen van axonen,

afkomstig is van antegraad axonaal getransporteerd materiaal.
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A P P E N D I X I

Injection sites of non selected H -leucine injected rats

(see chapter III). -

185



26
23

A 116 3H-leu

18
17

A 127 3H-leu

Fig. A-I-l .
Injection sites of H-leucine injected rats (see chapter III) of
group I . Survival time 35 days. Bars represent 1 mm.
For abbreviations and symbols see fig. I I I -2 .
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A P P E N D I X II

Silver grain counts of autoradiograms from cervical spinal cord

sections.The counting procedure has been performed as described in

materials and methods of chapter III. The numbers represent numbers
2

of silver grains per 6084 ym . -

Abbreviations: - - - - - - - ..-. ,

c = contralateral

DF = dorsal funiculus, white matter

exp.t. (d) ^exposition time (days)

glass = silver grains over glass slide outside the section,
for estimation of background

i = ipsilateral1

IF = lateral fuhiculus, dorsolateral part, region of the
rubrospinal tract, white matter

n.d. = not determined

s = with scintillation fluid or instagel

scint.f. = with or without scintillation fluid (frozen sections)
or instagel (Araldite embedded sections)

sect.n. = section number

1-3 = laminae I, II and III, gray matter

5-6 = laminae V" and VI, gray matter

8-9 = laminae VIII an IX, gray matter

Sections on the same glass slide are distinguished by a letter

behind the number in alphabetic sequence from the label on the glass

slide towards the other end of the glass (see fig. below):
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Silver grain counts.

Rat: A107. Injection of H-leu into the red nucleus. Frozen

sections. For explanation, see page 189.

sect.n. R4 b ~ -R4 a^ R6 b R3 b : R3 a R15 a

30/6/78 .30/6/78. 30/6/78 22/5/78 22/5/78 7/6/78

scint.f. s s

exp.t. (d). 88 88 88 49 49 51

LF c 2194 2450 1183 818 836 1396

2008 2806 1854 657 575 1203

'"""__ j'.';"'" 1568 1857 1606 1001 1164 774

> D F c 1'__' 129 :iv^ 292 . L150 - "_-. 98 - i"".. 167 •" f358 .'

102 468 169 ;? ^ 117 r -/: 212 - 201 -:;

53 545 135 146 147 306

1-3 c 143 194 209 102 295 62

128 111 211 178 234 83

90 171 174 205 114 232

5-6 c 205 1394 551 453 378 898

231 788 946 205 294 594

281 585 786 193 343 485

8-9 c 82 123 179 39 81 256

73 129 170 51 53 282

108 150 209 84 89 392

LF i 501 408 378 289 186 295

413 275 309 196 78 243

241 297 547 175 127 297

5-6 i 231 256 280 391 150 243

153 133 242 286 154 180

234 158 338 139 139 320

glass 59 66 56 40 46 33

69 88 81 43 38 32

36 46 46 39 42 38
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Silver grain counts.

Rat: A 107. Injection of H-leu into the red nucleus. Frozen

sections. For explanation, see page 189.

sect.n. R7 b R7 a R i b R13 b

30/6/78 30/6/78 22/5/78 7/6/78

scint.f. s

exp.t. (d) . 8 8 88 49 51

If c. 1974 1599 821 1555

'' - 888 1459 - :; 723 _, ̂ . 1714 "Z.

"1858 -"-- 911 - : 1 3 6 2 ,841

-bF.-'c'- - -~: 108 --..-„._: 139"_--_ r_ _-_- 337 ___ ̂ 3 2 6 .-__

135 172 208 219

-' 166 141 - 179 - 102 -.....-._..

1-3 c 119 133 86 93

160 167 71 103

140 109 72 100

5-6 c 573 508 342 712

404 335 304 345

315 430 247 467

8-9 c 125 127 82 166

119 130 115 205

100 139 266 136

LF i 830 576 117 350

656 236 187 389

680 206 148 432

5-6 i 233 198 144 231

203 208 168 277

164 196 133 335

glass 56 34 35 58

50 47 50 43

30 37 59 22
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Silver grain counts.

Pat: A108. Injection of H-leu into the red nucleus. Frozen

sections. For. explanation, see page 189.

sect.n. R3 R6 R4 R5 Rll RIO R12

22/5/78 7/6/78 7/6/78 7/6/78 30/6/78 30/6/78 30/6/78

scint.f. s

exp.t.(cO. 49 51 51 51 88 88 88

.LFc.,..;. 985 „554 ... 669 563 820 900 667

529 807 - 839 445 389 951 ••—949-Ï"

-688 -815: " ': 754. 7 1118 : : 913 ~ 1045 760

DF c 242 ~ — ~ 94-x:-"r=r;i42 " — - 96 ~- 202 ̂ - 221^-v~365\--

228 130 167 105 122 195 278

183 151 198 69 212 241 316

1-3 c 183 131 85 46 155 152 234

141 150 123 70 192 171 365

200 158 108 56 131 152 229

5-6 c 438 398 220 313 398 486 559

358 328 293 391 384 448 581

340 233 294 239 379 460 574

8-9 c 138 164 73 127 121 2S4 142

166 196 172 177 171 238 206

309 164 229 257 323 318 242

LF i 44 73 189 48 180 191 191

79 46 82 81 103 144 380

60 104 138 81 247 173 167

5-6 i 109 157 111 107 185 227 273

111 169 118 79 199 215 349

135 113 155 135 187 175 371

glass 72 36 84 56 47 64 44

87 84 63 52 53 84 51

67 61 44 61 64 74 40
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Silver grain counts.

Injection

embedded sections. For-explanation,_see page.189.

Rat: A117. Injection of H-ManNAc into the mesencephalon. Araldite

sect.n.

seint.f.

exp.t.(d).

T.F c

DF c-

1-3 c

5-6 c

8-9 c

LF i

5-6 i

1

1 glass

3-14 a
8/9/78

s

44

107

J.34

g 3

53 =

55

42

102

83

71

86

.112

104

72

79

90

71

91

58

104

109

89

37

83

60

3-1 b
17/8/78

22

98

103

80 ;_•:-

—:. 89 '-----

79

60

93

101

69

83

110

63

82

90

100

103

95

75

102

98

106

81

98

99

3-1 a
17/8/78

22

79

85 ;̂ ;

107

792 _:-::-

76

75

117

126

112

124

123

146

95

97

87

103 ~

88

78

96

101

141

92

70

75

3-4 a
17/8/78

22

70

67 ,i;

57 - . :

---_ OJ —

75
52

87

71

90

102

120

94

81

78

63

65

65

65

72

76

73

78

56

90

3-4 b
17/8/78

22

44

".57 _~\"

v77

~:'5d"">_^
56

38

54

66

67

61

62

75

54

63

60

33

32

21

53

71

69

26

42

14

3-14 b
8/9/78

s

44

54

""-•-- 55 /
53

<: . K

52

43

88

72

73

87

59

108

61

55

65

38

53

40

88

92

61

50

60

41
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Silver grain counts.

Rat: All?. Injection of H-ManNAc into the mesencephalon. Araldite

enbedded sections. For explanation, see page 189.

sect.n.

scint.f.

exp.t.(d).

-'-'" ;LF C .: "

DF C

1-3 c

5-6 c

8-9 c

----- - -

LF i

5-6 i

j
1 glass

3-2 a
8/9/78

44

17

- 2 3 '-'-•

18

17

21

15

24

40

33

34

47

50

37

33

34

17

18

19

56

48

43

19

18

14

3-2 b
8/9/78

44

29 :

- 29 ..-

30_

21

28

19

19

23

24

50

60

54

41

41

30

28

24

22

45

60

38

7

9

7

3-5 b
8/9/78

- -

44

' 63

67.'.'."

66

39

50

46

66

63

83

77

106

86

82

70

78

58

69

55

99

91

96

49

29

27

3-5 a
8/9/78

44

83

70

7 50

44

39

74

91

88

97

86

94

53

74

75

34

36

31

88

91

58

69

40

54

3-11 c
8/9/78

s

44

99

122

"-230--"
r 41 ~

29

28

73

89

73

78

61

67

. 51

35

52

33

46

33

86

63

54

38

38

28

3-lld
8/9/78

s

44

43 ..

41

56

" 33

49

48

76

103

149

76

95

67

68

69

68

21

27

26

78
66

87

27

45

29
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Silver grain counts.

Rat: A119. Injection of H-ManNAc into the mesencephalon. Araldite

embedded sections. For explanation, see page 189.

sect.n. 3-10 d 3-10 c 3-1 c 3-1 b 3-1 a 3-15 e

27/10/78 27/10/78 17/11/78 17/11/78 17/11/78 17/11/78

seint.f. s si s

exp.t. (d). 70 70 91 91 91 91

LPc 52 38 28 27

35 59 34 41

38 54 27 27

DF c 29 40 14 28

38 34 9 16

33 41 17 18

1-3 c 32 50 21 49

59 70 32 57

47 69 39 53

5-6 c 64 96 46 77

65 68 43 43

60 66 52 40

8-9 c 49 43 37 37

44 55 37 49

38 59 28 28

LF i 23 52 23 69

28 92 26 20

26 51 22 25

5-6 i 36 31 24 27

41 48 38 35

37 30 40 22

glass 40 67 27 18

19 68 15 40

33 39 25 14

44
41

50

19

33

29

47

43

64

39

49

66

41

35

38

36

28

22

22

37

36

40

20

40

38

48

29

26

14

19

54

47

59

52

66

76

62

52

47

19

10

4

26

40

46

7

8

7
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Silver grain counts,

3
Rat: A119. Injection of H-MariNAc into the mesencephalon. Araldite

embedded sections. For explanation, see page 189.

3-12 a 3-12 b 3-12 c 3-12 d 3-12 e
17/11/78 17/11/78 17/11/78 17/11/78 17/11/78 17/11/78

91 91 91 91 91

26

30

38

16

14

27

26

18

40

42

42

38

22

22

24

30

28

15

49

21

22

4

27

11

sect.n.

scint.f.

exp.t.(d).

LF c

DF c

1-3 c

5-6 c

8-9 c

LF i

5-6 i

glass

3-V.
17/]

s

91

45

66

31

43

45

28

81

71

63

88

80

75

44

57

84

21

23

31

34

52

54

13

46

34

51

52

59

38

37

35

48

51

57

87

79

65

53

59

40

31

33

22

48

74

53

24

6

25

31

47

43

26

27

37

63

58

53

99

111

66

50

68

54

60

41

14

36

42

50

14

27

20

58

37

54

38

24

18

44

62

41

64

74

75

49

42

58

29

31

21

64

49

46

16

11

15

12

22

27

23

17

25

4

16

89

60

46

50

23

47

46

23

16

21

52

73

39

14

4

0
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S i l v e r g r a i n c o u n t s .

I n j e c t i o n

e m b e d d e d s e c t i o n s . F o r e x p l a n a t i o n , s e e p a g e 1 8 9 .

R a t : A 1 2 3 . I n j e c t i o n o f H - M a n N A c i n t o t h e i n e s e n c e p h a l o n . A r a l d i t e

s e c t . n .

s c i n t . f .

e x p . t . ( d ) .

_, : ' ' LF c

D F c

1-3 c

5-6 c

8-9 c

LF i

5-6 i

glass

3-1 b
27/7/78

77

39

47

49

28

50

59

29

39

44

59

34

30

49

57

40

27

34

64

57

29

19

23

3-7 c
27/7/78

77

- 61 \:-

64 -

57

54 -~;-,-

44'

-in.-.
82

92

77

79

74

95

59

66

81

39

39

40

45

62

70

60

51

58

3-7 b
27/7/78

77

44 -

78 .;.:

63 -,-";•

so ";• •:.••;

57

_ " 6 1 •

80

102

104

103

115

125

82

99

84

59

39

57

109

60

102

66

61

56

3-7 a
27/7/78

77

104 -••---

107

99

.-.- 66 v-. ,;
73

\'_~5A\

74

75

72

130

90

120

89

84

74

69

76

94

85

125

91

75

93

47

3-13 c
27/7/78

s

77

^ 37 .._..

54

44

; : " 3 4 7

48

29

43

72

91

98

84

77

51

62

53

40

25

29

59

89

53

51

47

26
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Rat: A123. Continued.

3-13 b
27/7/78

s

77

96

9 9 ~: ",]'•

116 :7
61

- 50
45

'r89v:

88

152

87

94

96

65

64

84

27

29

30

44

47

50

«J-04

55

50

3-2 b
17/8/78

98

92

86

9 3 •-:

38

• - - 3 5 .--'-•

34

14

101

132

104

110

114

89

79

76

44

38

36

65

54

62

64

64

55

3-5 c
17/8/78

98

74

62

. " 62 -

51

"-"" .39;---;--V-

32 "

69-

93

103

88

99

113

86

72

79

41

33

52

60

74

84

28

46

19

3-5 b
17/8/78

98

87

75 '-

. 73 .'

52

".- 53 _>-

-56-

_-"58"-_

65

85

99

73

71

75

81

56

91

76

75

98

100

85

45

35

61

3-5 a
17/8/78

98

96

89

50

55

l__ 59 "X:.";
60

-JlOCf":;

86

93

97

127

87

66

84

86

50

56

51

81

71

77

42

42

62

3-11 c
17/8/78

s

98

51

64

70

73

7l 87 :
64

-:"64>

116

95

112

101

91

67

75

85

72

84

72

123

74

99

79

54

56
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Silver grain counts

Injectioi

embedded sections. For explanation, see page 189.

Rat: A123. Injection of H-ManNAc into the mesencephalon. Araldite

sect.n.

scint.f.

exp.t.(d).

LF c V

DF'c"

1-3 c

5-6 c

8-9 c

LF i

5-6 i

glass

3-11 b
17/8/78

s

98

67

62

.-• 70 ,..J._
'"-•53 ;"

51:_"

62

114

87

99

95

130

85

91

91

62

30

30

35

69

90

91

127

89

99

3-11 a
17/8/78

s

98

99

114

119

66

r 69 f r
161

160

155

118

119

127

75

75

68

104

103

129

83

68

68

95

96

114

3-8 c
17/8/78

s

98

69

81

72

49

T....49
=-_--: 55 V-K:

94

81

103

122

119

86

82

92

108

46

47

57

106

102

89

14

33

34

3-8 b
17/8/78

s

98

61

65

62

62

42

\.- 64 -L-~."
98

80

104

100

113

124

89

96

110

86

96

110

86

79

91

114

135

127

3-8 a
17/8/78

s

98

96

82

91

66 •']

76 -..

96 ^ÏV^Zd
106 -

116

106

111

14-1

122

98

102

93

86

101

75

81

85

88

58

73

74

200



Silver grain counts.

Rat: A126. Injection of H-leu into the red nucleus. Frozen

sections. For explanation, see page 189.

sect.n.

scint.f.

exp.t.(d).

LF c

DF Cz:.r —
----: — -

1-3 c

5-6 c

8-9 c

LF i

5-6 i

glass

R13 a
17/5/78

56

1312

1092

931

V^ 70 I:
r 52 ""-"

59

46

30

44

80

210

132

71

85

96

98

59

71

91

65

90

29

29

32

R15
2/5/78

s

40

930

811

665

• 48 v

"""r7 56 > £

49

62

61

53

165

169

94

46

53

67

57

59

57

48

69

63

37

68

18

R7
2/5/78

s

40

493

918

831

34

45

50

35

61

114

82

165

79

65

57

52

20

35

52

55

61

24

28

36

R7 a
17/5/78

----- 56 J : =.-.

922

904 :

469 -..:\

94 :

—---"81--:-

118

88

68

82

130

134

154

68

68

69

87

142

119

96

105

85

64

53

99

R10
8/5/78

54 .___

768

419

594 ":

62 :.;

^ 87>:

~4<f
52

25

38

94

106

99

44

26

55

66

75

57

68

66

76

57

45

23

R4
8/5/78

54

883

754

413

72

/60\

47

41

35

42

152

173

123

38

40

62

41

61

77

44

47

49

26

13

20

201



Rat: A126. Continued-

R12
8/5/78

54

710

1013

432

61

55

54

32

44

29

141

143

158

78

80

89

53

42

35

54

55

58

42

30

27

Rl
2/5/78

40

608 _;

385

221

67

59

61

63

78

51

86

81

89

66

45

33

75

88

86

42

44

31

36

26

36

R13
2/5/78

40

423

-: 542

411

59

47'

57

40

38

41

161

132

112

47

55

62

37

30

44

46

59

45

32

27

26

R16
8/5/78

54

1331;

1004

761

69

68

55

31

23

39

176

200

189

91

72

105

36

32

39

118

113

134

67

52

68

R8
8/5/78

•-•- 5 4 ••_-

983 .

. ... 837 •-.••-

714

48

32

46

49

31

43

75

114

130

32

27

37

56

50

71

57

68

86

57

30

34

R5 a
17/5/78

56 :
 :

1552

1400

557

156

127

163

110

109

87

204

201

195

90

92

123

340

191

284

146

117

142

70

78

85

202



Silver grain counts.

Injection

section. For explanation, see page 189.

3
Rat: A126. Injection of H-leu into the red nucleus. Frozen

s e c t . n . •--

scint.f.

exp.t. (d).

LF c

DF c

1-3 c

5-6 c

8-9 c

LF i

5-6 i

glass

R5
2/5/78

s

40

836

783

240

24

32

\38

37N

31

36

81

108

97

33

47

25

36

26

22

36

31

40

48

51

55

R9 a
17/5/78

56

778

599

741

97

81

76

50

65

90

186

172

135

79

116

74

102

126

135

80

90

86

52

42

60

R17
2/5/78

s

40

718

484

472

68

40

51

36

32

44

161

130

136

61

49

52

58

68

71

68

50

45

59

21

24

R3
2/5/78

s

40

262

190

552

45

16

38

29

29

34

127

107

79

52

47

35

38

47

27

47

44

21

16

21

24

R6
8/5/78

54

734;

886

597

56

37

37

16

17

19

101

116

129

50

60

71

52

57

56

50

65

74

40

82

25

2U3



Silver grain counts.

Rat: A126. Injection of H-leu into the red nucleus. Araldite

embedded sections. For explanation, see page 189.

sect.n.

scint.f.

exp.t.(d).

LF c

DFc-
"' _ _; __

1-3 c

5-6 c

8-9 c

LF i

5-6 i

glass

3-4 a
1/2/79

s

140

242

181

198

30

-"" 31 ';---

32

79

49

26

88

86

62

47

69

41

34

36

36

35

33

30

41

34

59

3-4 b
1/2/79

s

140

136

145

196 1 ?

-—. 44

---39'-

45

51

51

49

87

97

79

40

36

66

36

60

50

31

33

51

50

59

54

3-4 c,
1/2/79

s

140

217

189

211

: 6 3 :-•"•

93

43

61

64

44

106

119

143

84

74

85

42

65

56

83

107

103

26

16

20

3-6 c.
1/2/79

s

140

322

239

237 \

8 0 -•-"•

111

189

96

119

111

192

247

149

40

34

86

87

76

122

89

87

89

60

88

80

3-6 a
1/2/79

s

140

110

256

367 _;v
: 32 --"-

1 30 - _-
20

40

22

41

81

69

41

47

40

36

52

73

27

49

81

40

52

52

65

3-3 d
1/2/79

140

157

160

152

9

_ JlQ~-_.

18

30

24

20

49

56

40

30

43

19

29

29

19

26

29

25

23

41

26
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Silver grain counts.

Injection

embedded sections. For explanation, see page 189.

3
Rat: A126. Injection of H-leu into the red nucleus. Araldite

sect.n. -='•:--•

scint.f.

exp.t.(d).

IFC

DF c

1-3 c

5-6 c

8-9 c

LF i

5-6 i

glass

3-3 c
1/2/79

140

155

178

125

16

14

15

27

34

15

52

61

34

18

15

25

38

32

22

33

25

17

23

17

38

3-3 b
1/2/79

140

185

89

162

21

34

35

35

35

25

65

70

49

24

19

32

30

25

32

30

31

29

44

32

35

3-2 b
1/2/79

140

305

201

190

53

60

58

75

84

75

92

130

111

59

68

70

54

67

63

61

71

69

45

89

90

3-2 a
1/2/79 -

140

271

373.

307

80

61

93

112

80

111

107

126

141

103

107

105

90

120

110

118

127

109

105

100

100

3-1 a
1/2/79

-—-. ~__

140.

285

254

173

68

56

51

47

64

47

64

96

77

54

44

56

46

49

51

55

51

81

52

57

68

I
I " ,
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Silver grain counts.

Rat: A128. Injection of H-ManNAc into the thalamus and hippocam

Araldite embedded sections. For explanation, see page

sect.n. 3-11 c 3-11 a 3-7 d 3-2 d 3-2 a 3-3 c 3-3 a

27/7/78 27/7/78 31/8/78 27/7/78 27/7/78 27/7/78 27/7/

scint.f. a s

exp.t.(d). 42 .42 77 42 42 42 42

LFc_ -44 ! :35 _"'-/ 1 2 6 ^ 1 0 3 69 ."; I 56;. .-'74".

4 3 3 7 . 9 4 , 1 0 9 81 70 96

48 21 103 91 85 61 62

DF c 32~ 31 92 69 57 51 66

61 36 62 -94. 68 57 72

55 37 95 84 72 55 58

1-3 c 80 58 166 153 102 116 120

61 54 223 142 123 97 106-

55 57 192 140 97 84 120

5-6 c 63 81 176 183 102 102 127

86 72 173 181 145 140 129

118 76 198 164 134 147 128

8-9 c 108 41 118 141 94 64 110

87 58 143 120 84 56 95

90 39 159 123 118 103 94

LF i 65 24 68 98 73 46 39

56 27 73 83 53 42 23

48 35 79 114 59 54 45

5-6 i 107 54 161 141 100 97 118

110 67 177 159 107 111 91

112 60 171 120 114 138 117

glass 40 38 44 34 71 31 20

45 62 35 42 44 36 26

38 61 39 46 59 27 26
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Silver grain counts.

Rat: A128- Injection of H-ManNAc into the thalamus and hippocampus.

Araldite embedded sections. For explanation, see page 183.

-sect.n. 3-5 b 3-5 a 3-4 c 3-4 a 3-1 c 3-1 a 3-9 a
17/8/78 17/8/78 17/8/78 17/8/78 27/7/78 27/7/78 31/8/78

scint.f. '"" "- "- ~ ~ ~ --_._ ._-. .__..-

exp.t.(d). 56 56 56 56 42- .42 77

LF c 77 98 73 165 80 65 86

83 94 84 150 80 50 95

77 98 77 155 70 77 63

DF c 95 101 131 100 88 71 102

82 109 96 104 61 69 81

73 105 67 106 71 51 91

1-3 c 120 184 141 202 104 96 147

127 194 164 181 101 101 190

140 146 168 238 111 110 170

5-6 c 159 136 174 153 94 133 212

159 140 188 147 104 151 178

151 150 193 154 151 127 165

8-9 c 104 102 130 121 113 103 131

71 101 142 158 87 99 132

115 128 157 161 114 115 133

LF i 46 113 93 78 51 49 83

48 88 80 83 64 54 56

47 79 74 85 67 70 72

5-6 1 128 143 146 169 171 129 156

136 193 133 211 137 139 180

144 165 155 193 90 127 210

glass 58 56 55 68 35 52 31

39 56 42 44 32 39 28

34 51 53 45 63 52 25
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Silver grain counts.

Rat: A141. Injection of H-ManNAc into the thalamus and hippocampus.

Araldite embedded sections. For explanation, see page 189.

sect.n. 3-13 b 3-2 b 3-1 a 3-13 a 3-4 a 3-4 b 3-14 a

.-,"--- 2/3/79 15/2/79 15/2/79 2/3/79 15/2/79 15/2/79 2/3/79

scint.f. s -.—— •_- • •---.-_ s — _ s __"_..._ s l.._s_-"

exp.t. (d). 84 70 70 84 70 70 84

L P c 132 89 102 199 146 135 222

132 97 99 173 168 150 259

134 122 87 183 159 136 254

DF c 107 130 156 210 198 150 251

140 113 139 185 198 172 288

108 132 157 198 198 160 260

1-3 c 236 263 310 267 337 300 376

168 210 217 332 338 258 328

272 243 240 338 319 270 368

5-6 c 173 237 209 317 366 201 391

249 244 233 316 327 252 377

219 251 227 310 307 244 422

8-9 c 220 106 213 267 240 262 369

233 176 247 300 275 226 383

236 178 236 286 276 232 430

LF i 139 84 156 183 165 146 272

122 99 161 201 123 158 296

120 81 148 210 137 157 232

5-6 i 212 235 194 321 270 212 350

235 223 214 304 296 245 408

225 206 260 337 323 263 416

glass 44 11 85 62 58 32 193

35 7 75 88 86 27 191

35 41 57 93 92 80 220
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Silver grain counts.
3

Rat: A141. Injection of H-ManNAc into the thalamus and hippocairpus.

Araldite attoedded sections. For explanation, see page 189.

sect.n.

scint.f.

3-11 b 3-12 a 3-11 a 3-14 b 3-5 a 3-5 b 3-2 a
2/3/79 2/3/79 2/3/79 2/3/79 15/2/79 15/2/79 15/2/79

exp.t. (d).

LF c

DF .'

1-3 c

5-6 c

8-9 c

-

LF i

-

. 5-6 i

glass
-

84

113

115

111

137

140

117

248

290

261

210

243

266

230

221

253

142

101

137

205

223

270

37

37
43

84

132

125

125

138

164

134

219

252

271

230

235

208

183

230

225

111

Ul
148

205

261

244

84

60

51

84

101

122

121

133

140

130

228

218

263

175

261

200

228

236

201

133

125

138

223

236

265

52

63

73

84

79

125

112

185

165

189

315

325

187

271

254

283

204

261

204

218

313

222

335

305

280

119

108

126

70

148

154

153

176

184

168

296

330

321

319

268

285

294

275

291

179

124

133

251

309

288

66

68

67

70

: 135

135

137

125

113

122

204

158

189

266

253

224

207

235

254

53

59

91

231

251

245

70

50

44

70

119

113

98

130

168

160

310

309

313

251

205

202

210

204

207

,75
67

132

201

234

233

68

51

61

209



Silver grain counts.

Rat: A144. Injection of H-MariNAc into the itesencephalon. Frozen

sections. For explanation, see page 189.

sect.n. R7 R8 R14 R4 R5 R6

12/7/79 12/7/79 12/7/79 12/7/79 12/7/79 12/7/79

scint.f. s s s s s s

exp.t. (d). 65 65 65 65 65 65

LPc 80 • 97 71 f 76 58 137 ;

80 94 86 114 : 61 135

72^ 84 75 8Ü 76 109

DFc 99 147 62 ; 55 66 89

75 110" 68 94 55 108

79: 116- 77L -93 ^62 88

1-3 c 90 146 88 72 83 101

124 110 95 75 84 120

102 132 130 115 130 122

5-6 c 88 129 96 91 93 147

98 114 71 110 71 116

90 114 104 93 100 118

8-9 c 69 104 110 99 90 111

68 105 111 102 67 121

77 107 89 78 73 91

LF i 71 58 57 71 41 106

67 52 61 75 29 93

79 70 69 71 43 59

5-6 i 93 97 80 90 80 105

119 123 81 110 84 135

113 132 102 74 104 70

glass 60 44 39 49 53 60

41 28 40 44 31 48

34 47 62 42 42 40
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Rat: A144. Continued.

Rl
12/7/79

s

65

81

59

95

70

66

93

106

118

103

112

140

90

106

103

144

112

95

100

106

93

79

66

49

46

R2
12/7/79

s

65

68

102

80

80

81

60

90

106

122

90

118

93

85

100

111

107

102

94

79

109

132

31

17

32

R10
12/7/79

s

65

143

129

158

120

105

90

98

125

159

191

170

165

118

190

97

72

59

86

81

91

101

20

34

20

Ril
12/7/79

s

65

41

33

37

79

80

69

97

116

68

69

64

93

65

62

79

90

81

91

108

79

93

93

49

41

R8
4/7/79

s

56

65

92

74

62

55

60

59

60

57

68

66

72

107

80

91

67

37

60

96

97

89

58

25

16

Rl
4/7/79

5

56

54

54

65

98

90

61

72

83

77

106

90

112

76

59

87

84

67

94

97

135

119

52

24

28

R2
4/7/79

s

56

30

27

24

31

22

24

44

70

64

37

58

44

27

34

26

19

17

9

30

22

33

18

31

21

211



Silver grain counts.

Kat: A146. Injection of H-MariNAc into the mesencephalon.

sections. For explanation, see page 189.

Frozen

sect.n. R2 Rl
2/4/79 2/4/79

RIO b R9 a R6 b R5 a
2/4/79 2/4/79 2/4/79 2/4/79

scint.f.

exp.t.(d).

LF c

DF c

1-3 c

5-6 c

8-9 c

LF i

5-6 i

glass

s

70

346

365

476

340

189

322

589

593

530

581

537

494

408

391

379

311

294

275

484

472

467

53

56

52

s

70

438

411

381

314

369

410

313

443

442

506

410

479

467

432

473

497

431

347

475

517

517

45

34

77

s

70

350

418

352

305

238

309

333

393

486

478

476

484

365

404

435

315

260

242

432

466

446

24

60

75

s

70

341

407

277

271

268

324

317

352

358

459

436

451

411

400

436

325

237

257

350

347

412

124

124

101

s

70

283

291

265

251

275

272

325

354

352

394

419

404

294

276

380

389

332

322

420

356

358

75

52

44

s

70

379

479

333

225

242

242

345

507

501

538

391

425

332

298

319

n.d.

n.d.

n.d.

360

349

391

37

49

50

212



Silver grain counts:.

Injection

sections. For explanation, see page 189.

Rat: A146. Injection of H-MariNAc into the mesencephalon. Frozen

sect.n.

scint.f.

exp.t. (d).

LF c

DF c

1-3 c

5-6 c

8-9 c

LF i

5-6 i

1

glass

R8 b
2/4/79

s

70

392

352

230

299

265

268

230

265

284

364

479

387

311

282

339

355

374

309

416

409

408

83

78

54

R7
2/4/79

s

70

397

467

387

251

270

245

280

276

321

478

401

342

315

360

319

294

255

274

315

343

332

54

77

58

R12 b
2/4/79

s

70

481

450

365

300

308

357

427

413

503

572

514

564

446

416

424

381

294

331

480

495

467

35

49

60

Rll a
2/4/79

s

70

438

416

397

267

275

281

433

467

463

417

453

425

463

438

416

388

340

341

412

486

487

58

69

75

R13
2/4/79

s

70

355

337

342

300

327

339

310

440

374

357

499

423

334

335

381

312

283

283

433

365

349

61

58

61
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Silver grain counts.

Injection

Frozen sections. For explanation, see page 189.

Rat: A148. Injection of H-ManNkc into the thalamus and hippocanpus.

sect.n.

scint.f.

exp.t.(d)

LF c ___

DF C

1-3 C

5-6 C " •

8-9 c

LF i

5-6 i

glass

R8 b
2/4/79

s

. 70

134

103

143

197

168 1

; 147 ;:

120 ~"

121

123

194

194

168

232

236

211

145

171

169

245

258

257

65

88

64

R7 a
2/4/79

s

70

172

195

175

193

194

i 215 r;'. -

281 ""'-

307

250

243

233

277

232

255

203

174

163

197

243

230

235

105

94

62

R9 a
18/4/79

86

111

102

123

129

132

.- 112

111

136

129

121

135

129

145

126

139

115

92

109

123

117

166

45

43

109

Rll a
2/4/79

s

70

154

107

116

169

188

136 ._ .

160

135

146

200

144

208

166

167

177

153

173

182

182

168

169

67

68 '

74

R3 a
18/4/79

86

78
99

102

138

146

137 :

123

138

147

146

143

188

157

125

144

129

137

125

175

167

132

21

76

29

R6 b
18/4/79

70

83

93

92

112

86

96 !J

97

94

107

99

104

115

140

111

146

92

113

99

148

147

124

31

30

28
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Silver grain counts.

Rat: A148. Injection of H-ManN&c into the thalanus and hippocanpus.

Frozen sections. For explanation, see page 189.

sect.n.

scint.f.

exp.t.(d).

LF c

DF c

1-3 c

5-6 c

8-9 c

LF i

5-6 i

glass

R3 a
2/4/79

s

70

153

165

169

153

171

166

192

196

191

173

182

187

169

213

194

131

132

187

194

176

172

47

55

70

R14 b
2/4/79

s

70

206

197

203

239

206

207

170

200

212

228

210

255

233

205

244

183

144

167

168

197

214

77

66

85

R2 b
18/4/79

86

70

95

71

150

132

105

181

165

211

160

180

163

149

93

144

126

83

90

141

143

173

27

31

24

R6 b
2/4/79

s

70

144

151

146

165

175

137

172

201

146

166

170

176

165

169

201

94

113

135

179

191

181

24

42

166

R8 b
18/4/79

86

119

120

148

176

205

169

197

171

202

178

210

241

158

190

209

213

172

195

251

207

232

43

95

37
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Silver grain counts.

Injection

Frozen sections. For explanation, see page 189.

Rat: A149. Injection of H-ManNAc into the thalamus and hippocampus.

sect.n.

seint.f.

exp.t. (d).

LF c

DF c

1-3 c

5-6 c

8-9 c

LF i

5-6 i

glass

R13 a
18/4/79

86

157

142

147

104

135

162

184

161

170

144

190

194

160

139

142

112

101

108

127

156

169

118

70

60

R10 b
2/4/79

s

70

148

137

157

187

217

196

173

139

136

170

147

221

175

139

171

198

166

194

166

229

204

166

98

68

R4 b
18/4/79

86

113

133

138

153

179

177

405

205

221

191

194

178

250

338

208

155

136

143

190

172

185

88

75

48

R5 a
2/4/79

s

70

134

130

133

161

152

141

120

127

158

161

144

173

174

165

158

135

144

117

144

153

164

63

51

61

R5 a
18/4/79

86

240

175

158

101

107

124

148

144

110

194

181

148

135

152

158

78

92

92

123

143

111

48

53

48

R4 b
2/4/79

s

70

180

154

152

231

200

212

273

234

281

241

227

212

263

208

217

195

221

203

246

223

195

225

167

78

216



Silver grain counts.

Injection

Frozen sections. For explanation, see page 189.

Rat: A149. Injection of H-ManNAc into the thalarnus and hippocampus.

sect.n.

scint.f.

exp.t.(d).

LF c

DF c

1-3 c

5-6 c

8-9 c

LF i

5-6 i

glass

R3 a
2/4/79

s

70

107

112

120

166

187

157

162

155

135

167

169

156

152

178

185

204

153

171

206

221

241

64

65

65

R2 b
2/4/79

s

70

166

126

131

213

195

203

179

143

182

175

203

201

174

174

170

158

193

198

214

228

208

199

92

76

Rl a
2/4/79

s

70

129

143

189

203

209

175

189

187

223

184

162

195

153

202

184

123

165

174

214

199

246

61

73

82

R14 b
2/4/79

s .

70

183

207

213

173

162

143

190

174

194

151

198

196

166

168

182

104

88

102

184

188

186

187

48

79

R13 a
.-: 2/4/79

— s • - ~~

70

134

133

145

174

176

190

148

173

183

160

144

154

133

151

149

119

112

122

173

160

180

63

75

84
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A P P E N D I X III

Injection sites of animals that were used in chapter VI but not

depicted in fig.-3V-2. _.._•; 5 v
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A 4 9 survival time 4 hours

A 6 3 survival time 4 hours

12

10

A 76 survival time 4 hours

12

A 9 7 survival time 4 hours

Fig. A-III-1.

Injections sites of H-ManNAc injected rats, that were used in chapter
IV, but not depicted in fig. IV-2. Rat A97 was injected into the pons
and served as control. Bars represent 1 mm.
For abbreviations and symbols see fig. II-1A.

221



A 4 4 survival time 6 hours

11

A 4 7 survival time 6 hours

Fig. A-III-2.
3

Injection sites of H-ManNAc injected rats, that were used in
chapter IV, but not depicted in fig. IV-2. Bars represent 1 mm.
For abbreviations and symbols see fig. II-1A.
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15

11

A 8 5 survival time 24 hours

C

20

A 130 survival time 24 hours

A 139 survival time 24 hours

A 1 4 0 survival time 24 hours

Fig. A-III-3.
3

Injection sites of H-ManNAc injected rats, that were used in
chapter IV, but not depicted in fig. IV-2. Bars represent I mm.
For abbreviations and symbols see fig. II-IA.
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