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ABSTRACT

In this project various neurochemical and immunological approaches were used to
identify and analyse the role of glycoproteins in neural plasticity. Where appropriate,

the one-trial passive avoidance paradigm was used (Gibbs & Ng 1977).

Initially, the role of a glycqsylation inhibitor, Z-deoxny-galactosc (2DGal), was
éx‘amincd both in vivo and in vitro. The results of these studies agreed with previous
reports that 2DGal inhibits incorporation of fucose and galactose into glycoproteins.
However, 2DGal inhibited fucésylation and galactosylation of only a sub-set of these
macromolecules. The localization of these glycoproteins in synaptic plasma membranes
(SPMs) and postsynaptic densities (PSi)s)‘suggcstcd differential glyéoprotein synthesis

and distribution across the synaptic cleft.

Subsequent studies attempted to identify the fucosylglycoproteins involved in learning

and memory formation and to characterize their structure, sub-cellular distribution and

- the timecourse of their expression. An in vitro increase in the rate of fucosylation was
' found in the right forebrain base after training. Further, the rate of fucosylation of a
protein component of Mr 110-120kD increased significantly within the first four

posttraining hours.

A number of glycoproteins showing si gniﬁcant increase in fucosylation either 6hr or
24hr after training, or at both posttrammg time-points were identified in vivo. Most

were concentrated in SPMs and PSDs of LPO as summarised in figure A. 1.

14



15

Time after training 6hr 24hr
Structure . LPO PA LPO/PA
Location. SPM PSD SPM PSD SPM  PSD
No. Mr (kD) '

1 "150-180  UL&R - - - - m

2 100-120° - - - - L TL&R
3 62-80 . R - - - IR

4 ss - ) S - i

5 50 n . . . - -

6 a1’ m . W Mmoo - i

7 33 R IR - - PL&R - L, R
8 27 . - IR - - e

Figure A.1 : Identified glycoproteins of chick forebrain that show changed fucose
incorporation 6hr and 24hr after training. T, increased fucosylation; § decreased
fucosylation; L, left hemisphere; R, right hemisphere; LPO/PA, combined LPO

- and PA samples.

Polyclonal antibody R15 was raised and it recognized a 60-62kD antigen in SPM and
PSD fractions. It rendered chicks amnesic when injectcd bilaterally 30min before
training. Immunocytochemical studies showed medium density labelling of axonal

membranes and SPMs and PSbs.

Finally, the sugar contents of SPM and PSD meinbraﬁe-bound giycoproteins were
analysed using specific lectins. Chick brain glycoproteins were separated by two-
dimensional gel electrophoresis and identified using the lectin Ulex Europaeus type I.

(UEA.D. Some 55 fucosylafed polypeptides were found in SPMs and PSDs. Specific .



.antibodies whose antigens have been implicated in learning and memory formation
were used to exaxﬁinc whether their immunoreactivity changed as a result of passive
avoidance training. Both anti-N-CAM antibodies and anti-epcndyﬁlin an;ibod_ies Cross-
reacted with chick antigens from SPM aﬁd PSD fractions, but immunoblotting did not

show training-induced changes.

The results reported in this thesis are discussed in the light of current understanding of

neural mechanisms of learning and memory. Several hypotheses are considered which

‘collectively recognize glycoproteins as major contributors to neural network

formation/fe-formation during learning and formation and consolidation of memory.

~

16
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Glycoconjugates ‘And Their Role In

Neural Plasticity _A
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CHAPTER ONE

GLYCOCONJUGATES AND THEIR ROLE IN NEURAL PLASTICITY

PART ONE : AN OVERVIEW

Over the last few decades research into biological properties of gl&coconjuga;es
[glycoproteins, glycosphingolipids and 'protebélycans] has grown ihto ncw‘groum.i.
Work on gl&coconjugate; ranges from fundamental' biological and developmental
hs;ccts (e.g., Bergcr et al;, 1982) through pathologi?:al manifestations (e.g. Volk &
Aronson, 1972; Dowson andA Hancock, 1989) to behaﬁoural effects (e.g., Rahman
1984; Rose et al., 1987). |

Research areas such as serology, virology, immunology, toxicology, oncology, and
ncuroembryology (cncompﬁssing grdwth, differentiation, cell-cell interactdon, and

development) have benefitted from this extensive work on glycoconjuéates.

Inheurology, the important role of these macromolecules is increasingly recognized.
- The sheer quantity and structural dchrsity vof glycoconjﬁgatcs, and 'particularly
recognition of the fact that almost all nepral cell membrane proteins are glycosylated,
indicates their evolutionary"and hence functional importance. Glycopfotcins are
constituénts of most membrane systems and most secreted macromolecules (Margolis
& Margolis, 1983; Hughes, 1983). Their structural diversity seems to reside more in
the number or type of polysaccharide chains attached to the macromolecules than in

their polypeptide backbones (Brunngraber, 1972).
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Glycoconjugates and neural development

Glycoconjugates research has concentrated mostly on embryonic neurogenesis, neural
differentiation and miération as well as synaptogenesis and neural regeneration and
degeneration. The expression and alteration of cell surface glycoconjugates, for
example, have been monitored in many differentiating and developing systems.
Researchers use specific carbohydrate binding lectins (see Chapter 6) to identify the
structure, tissue distribution and developmental role of glycoconjugates. For example,
the increase in concanavalin A binding glycoproteins on the membranes of newly
formed parallel fibres in the developing cerebellum vand simultaneous appearance of a
mannose-specific lectin on the surface of Purkinje cells are séid to serve important
functions-during the period of active synaptogenesis (Zanctté et al., 1978 and 1985).
This is believed to be a highiy dynamic process, since in order to generate functidnal
neural circuits, selective connections between diétinct subsets of neurons must be

- formed (Margolis & Margolis 1989).

What is ‘common to all synaptic 'glycoconjugatés, however, is that their
oligosaccharides are located within the synaptic cleft and therefore changes in their
carbohydl;'ate composition will alter the general molecular environment of the cleft
(Margolis & Margolis 1989). The size of some of these large, complex, N-linked
oligosaccharides (see below) is such that it can cover an area of 20-25nm? (Montreuil,
1984). This enables opposing membranes to make contact through their carbohydrate

chains.

During embrybgenes’is, several distinct steps are necessary before precise coordinated
intercellular recognition can take plhcc. Firét, there is a process of selective adhesion to -
segregate neural cells from non-neural epithelial cells. This results in the formation of
‘neural tissue. Then follows the migration of neurdblasts and their differentiation into

distinct subsets of neurons, the axons of which project to their specific cellular targets
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under the inﬂuehée of the extracellular matrix (ECM) and its associated proteins. The
innervation of the tectum by axons of retinal ganglion cells has provided a. classical
rﬂodcl system.Glycoconjugates are likely candidates as mediators of retinotectal
mco_gMﬁon (Margolis & Margolis 1989). The growth cones then appear to recognize
and select appropriate cellular targets with which to form stable contacts. The
méchanism of recognition involves homophilic interactions between molecules present
on the surface of participating neurons (Edeiman, 1986; Edelman et al., 1987;
Rutishauser & Jessell, 1988). Calcium independent and dependent adhesion molecuies
like N-CAM and N-cadherin are involved in this process. These molecules are,
thcrefoi'c, implicated in _thé process of synapse formation (Jprgensen et al., 198.7).' The
presence of the términal saccharide (polysiaiic acid) on N-CAM, for-"é'xample, seems to
affect the binding of opposing membranes during embryonic stafges (Hoffman &
Edelman, 1983). | |

Growth cones are motile organelles, situated at the tip of growing nerve fibers, and
have fine projections called ﬁlopodia. They contain microfilaments which are
responsible for testing the substratum for its adhesiveness (Carbonetto, 1984; Landis, -
1983; Letouruean, 1983). Time-lapse studies have shown that adhes;on of filopodia to
their substrata #ppears to ‘initiate contractile forces that-help cx'tend the neurite
(Carbonetto, 1984). To do this, filopodia containing intégrinys make contact with the
ECM at one end and through an integrin linkage to thé 'cytoskel»eton (For more detailed
acéount of the role of ECM see below). This sequence of coupling helps accomplish
contractile activity of the growth cone and extend the axons (Margolis & Margolis
1989). Decoupling of integrins (through, for example, Iihosphorylaﬁon. or protease
activity) and their recoupling with the next ECM-embedded glycoconjugates along the
line is essential for further axonal growth. |

Several lines of evidence point to the necessity of integrins for in neural grthh.
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Antibodies against integrins inhibit avian neural crest cell migration, resulting in
malformed neural tubes in vivo (Duband et al., 1986). Anti-integrin antibodies also
inhibit neurite growth from PNS and CNS neurons on laminin or fibronectin (Cohen et

al., 1986 and 1987).

It is clear, therefore, that the ‘dcvelopment of a synapse is an ongoing process which
involves initial contact and recognition between the opposing membranes, the formation
of an adhesive membrane junction, the stabilization of the synaptic contact and
subsequent morphological, biochemical, and fmcﬁonal mﬁturation of the synapse.
Glycoprotems are cons1dered to be pamcularly involved in the initial m_gq_gnmg_n and
adhesion between putative pre- and postsynapuc cell membranes (Margolis & Margohs
. 1989). Indeed, changes. in cell surface glycoconjugates ‘have been observed in many
- differentiating and developing systems, including cerebral tissue (Ziesk & Bernstein,

1982; Raedler et al. 1981).

During ncural development, the protein and glycoprotein contents of the synapse
change and the oligosaccharides associated with glycoproteins of the synaptic junction
undergo structural modification. For example, the number of chains containing eight
mannosé, equal in quantity with those containing five mannose (mannoses), at day 10,
- diminishes by day 28. This leads to mannoses chain predominance (Fu & Gurd, 1983).
During the same period, there is a small increase in the amount of sialylation of

fucosylated glycoproteins (Stanojev, 1987).

Synaptic plasticity
The role of the ECM in neural growth and development was briefly mentioned above
but further discussion of the role of this complicated network of macromolecules is

warranted. The extracellalar space occupies about 40% of the immature brain
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(Bondareff &’ Pysh, 1968), and then decreases to 20% in the adult brain (Nevis &
Collins, 1967). This space is filled with- ECM and consists of insoluble
glycoconjugates like laminin and'ﬁbronectin and other glycoproteins and protéoglycans‘

through which neural cell precursors migrate to their final positions. Through this
| process, adhesion of cells to glycoconjugates of the matrix or other cells is essential,
for example, the adhesion between ECM glycoproteins, laminin and fibronectin, and
their receptors on the cell surface (Margolis & Margblis 1989). Laminin is a large
glycoprotein (900kD) that consists of 3 sub-units (400, 215 and 205kD), each
expressed by a different gene, and disulphide-bonded to form a molecule shaped like a
crucifix. Laminin has multifunctional properties as known by its various binding sites
for ECM and cell surface molecules. For example, it contains a heparin binding site

which can potentially bind to N-CAM (Ott et al., 1982).

Laminin can induce neurite outgrowth from CNS as well as PNS neurons (Kleitman et
al, 1988). It has been localized immunocytochemically in the embryohic CNS, but is
thought to be abseflt' from th¢ adult mammalian CNS (Manthorpe et al., 1988).
‘Therefore, the process of synapse formation in adult mammalian brain would have to
involve matrix glycoconjugates other than laminin. Indeed, the ECM contains adherons
that are associated with the cell surface and as such play a major roie in cell-cell
adhesion (Mafgolis & Margolis, 1989). It also contains'a number of matrix-bound
factprs suchl'as proteases, protease inhibitors, soluble forms of membrane protease and
growth factors. Consequently, the ECM of the CNS does not only play a Structural role
in maintaining the integrity of the tissue, it also acts as a guiding medium. For cxample,
in chick CNS, m both fetina and tectum, the ECM forms oriented channels along which |
optic axons grow (Kmyanek, 1980;.Krayanek & Goldberg, 1981).

- The past decade has seen a growin‘g,rolé for cell surface oligosaccharides as mediators

of cell-cell recognition and adhesion in several diverse systems. Studies of §perm-egg
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interactions in mammals, for example, have established that the oligosaccharide
structures associated with glycoproteins serve as functional receptors in cell adhesion

and recognition, independent of their protein backbone (Margolis & Margolis, 1989). -

Glycosylation is not only confined to the phenomena discussed above. Certain proteins
seem to contain oligosaccharide chains for a number of other reasons. Thus the glycan
moiety of glycoproteins may directly interact with, and influence the conformation of,
its associated polypeptide as, for example, in the Fc fragment of IgG (Sutton &
Phillips, 1983) whose degalactosylation may lead to the autoimmune disease exhibited

as rheumatoid arthritis. -

Furthermore, the addition or removal of certain key sugars may change the
oligoséccharidc conformation and alter molecular interactions of the glycoprotein, as
with N-CAM and its polysialic acid chain (Hoffman & Edelman, 1983). The presence
of the terminal polysaccharide on this molecule durin g erﬁbryonic stages seems to affect

the binding of opposihg membranes.

Glycoproteins are also important in stabilizing membrane structure. Thus, a PNS
myelin-specific glycoprotein called PO crosses lipid bilaycr and, through the
cytoplasmic medium, reaches the lipid bilayér on the other side, and by doing so, is
believed to play an important role in stabilizing both the intraperiod and major dense

lines (Morell et al., 1989).

The carbohydrate chains on a number of glycoproteins are known to confer important
physical properties such as confqrmational stability, protease resistance (through
blocking-access to the peptide core that would otherwise be susceptible to protease
activity (Kozarsky et al., 1988)), charge- and water-binding capacity, host-pathogen :
interactions and protection from freezing (Snider, 1984; Sadler, 1984).
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PART TWO : BIOCHEMISTRY OF GLYCOCONJUGATES

- 1. GLYCOPROTEINS

1.1. Classification and structures

Glycoproteins are complex molecules that consist of various lengths of polypeptide
chain and one or more covalently bound carbohydrate chains of variéd lengths, .
stfucmres;‘and sub-structures. As a rule, the predominant sugars in glycoproteins are: :
N-acetylneuraminic acid (NANA), mannose (Man), galactose (Gal), fucose (Fuc), N-
acetylgalactosamine (GalNAc), and N-acety{glucosamine (GlcNAc) (Brunngraber,
1972). With the exception of collagen type proteins (Ginsburg, 1969), glucose (Glc) is

| rarely present in these molecules, but is the major precursor for the formation of
monosaccharide cbﬁponents of ‘mammalian glycoproteins. However, galactose,
mannose, galactosamine and glucosamine from the diet or ﬁbm glycoprotein catabolism
can a_lso entér the metabolic cycié and_ undefgq conversion to other sugars (Schéchter,

1978; see Fig.1.1).

The relative amount of these sugars may vary a great deal depending on a variety of
factors. For example, chick brain neural-cell adhesion molecule (N-CAM) édntains

about 30% sialic acid (Kornfeld & Kornfeld, 1985).
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Glc <-> Glc-6-p <-> Fru-6-p <-> Man-6-p <-> GDP-Man*-> GDP-Fuc <->

Fuc-1-p -> Fuc

Figuré 1.1 : The synthetic pathway of fucose from glucose. GDP-fucose acts as a
nucleotide derivative donor of this sugar in the assembly of oligosaccharide .

chain (Hughes, 1983). * Irreversible reaction (Coffey et al., 1964).

C00- Coo- C00

| R
NH3+ CH NH3+ CH ‘NH3+ CH
| A I g
CH2 HCOH« HCOH«
| I l
C , H CH3
o/ \WH2«
Asparagine Serine " Threonine

Figure 1.2 : The molecular structure of asparagine, serine, and threonine; “ the site of
glycosidic lihkage | |
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There is ano;her group of lecoproteins called proteoglycans that consist of
glycosaminoglycans covalently attached to §eﬂne residues of the protein backbone.
Glycosaminoglycans are high molecular weight linear carbohydrate polymers (as
opposed to branched carbohydrate chaihs which are the usual conformation in
glycoproteins) that consist of repeating disaccharide units of a uronic acid (glucuronic
or iduronic acids) and a hexosamine (GlcNAc or GalNAc);- For example, chondroitin’
sulphate proteoglycans contain an average of 56% protein, 24% glycosaminoglycans
and 20% N-type and O-type linked oligosaccharide‘(Margolis & Margolis, 1989). In all
tissues studied, including brain, chondroitin sulphate and heparan' sulphate are O-
glycosidically linked to the serine residues of proteins and account for less than ‘1% of

the soluble brain protein (Kiang et al., 1981).

There arc, 'in general, two types 6f carbohy'rd;ate linkages to the protein backbong,
namely N-glycosidic and O-glycosidic linkages (see Berger et al., 1982). In the former
case the carbohydrate chain forms a linkage with the aspziraéine (Asn) residue of the
nascent gl;coprotciﬂ, and in the latter with cither serine (Scr; or threonine (Thr) (see

Fig. 1.2).

' Tcn. to fifteen percent of the oligosacchaﬁde chains in the brain are O.-glycos;idically_
linked (O-type glycoprotein). They consist of the core disaccharide galactose(B1-
3)GalNAc, which may occur either as such or substituted with sialic acid residues at C-

3 of galactose and/or C-6 of GalNAc (Margolis & Margolis, 1989). Approximately 85-
90% of the carbohydrate chains in the brain are linked via GlcNAc to the amide
nitrogen of asparagine residues in ti';c protein moiety (N-type glycoprotein) (Margolis &
Margolis, 1989). Some N-glycosidic Qligosﬁccharides are also réportcd to contain
sulphated residués and are identified as galactose 6—sﬁ1p_hate and GlcNAc 6-sulphate |
(Margolis & Margolis, 1970). Several well characterised sulphated glycoproteins have
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been identified, such as myelin-associated glycoprotein, the ependymins (a family of
o soluble glycoproteins found in goldfish and mammalian brain), and several neural cell
adhesion molecules like N-CAM and NILE/i..llN g-CAM (Margolis & Margolis, 1989).

Attachment to hydroxyproline has also been found in both vertebrates and invertebrates -
(Hughes, 1983). The first sugar attached to asparagine is invariably GlcNAc, whereas
 GalNAc attaches to serine or threonine residues. It should be.-noted that the division of
glycoproteins intd N- and O-types is arbitrary, sincé there are reports on both types of
. oligosaccharide linkages on. a given protein such as the | glycoprotein
galactosyltransferase (Sadler, 1984).

The oligosaccharides are not distributed uniformly along the peptide chain. Typicaﬁy,
they are clustered in heavily glycosylated domains in which glycosylated serine and
threonine residues comprise 25-40% of tﬁe sequence (Jentoft, 1990). The glycosylated
regions in glycoproteins often consist of 20-70 amino acids and, since the carbohydrate
contents in these regions ranges from 65-85%, it is believed to dominate their chemical
and physical properties (Jentoft, 1990). 0-4type glycoproteins may cohtain fucose, sialic
acid, galactose, GléNAc in addition to GalNAc, but not- mannose (séc below). N-type
glycoprdteiﬁs, on the other hand, have a common core containing mainly mannose and
GlcNAc. In general, the ‘carbohydrate portion of both N- and O-type glycoproteins may
| represent between 1% to 80% of the weight of the molecule and may be made up of

“varying proportions of sugars (Spiro, 1963a&b).

In addition to "conventional” N- and O-type glycoproteins, novel oligosaécharide
linkages to the polypeptide backbone havé recently been reported. For example, Hart
and associates (1990) identified a type of glycosylation in which GlcNAc formed O-
glycosidic linkages. These prbteins have been almost exclusively found in the

cytoplasmic and neucléoplasmic compénmcnts (Hart et al. 1989, also see Finne et al.,
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1979). In addition, there are unusual types of O- linked mannose-containing proteins
that are exclusively found in the cytoplasm of adult rat brain (Hart et al., 1989).

Carbohydrates can form glycosyl linkages via different carbon atoms of the molecule
and can form branched carbohyvdrate chains. These properties can potentially result in
stupendous diversity of complex oligosaccharide stmctﬁrcs (Margolis’& Margolis,
1989). Indeed, three molecules of the same hexose may form many different glycosidic
linkages between themselves and hence, given the presence of appropriate processing
enzymes, produce up to 176 different configurations. Thué, many thousands of
different oligosaccharide structures could be assembled in the presence of the combined
and/or sequential actidn ‘of glycosidic enzymes. In fact, the synthesis of only a limited
* number of structures is seen in any one organism. This is dué to the ngld substrate
| specificity of the enzymes combined with their activity and relative concentration and
availability any given cell. Each cell also determinés which glycoproteins/glycolipids .
are synthesized. Pollack and Atkinson (1983) noted that t_hé site of glycosylation in thé
- polypeptide chain correlates with the extents at which the carbohydrate chains are -
processed. For example, glycosyiation sites in the first 100 amino acid residues were
found to be enriched in complex units of N-type glycoproteins, wﬁereas high mannose
forms predominated further along the chain (i.e., from the 200th amino acid onwards).
~ However, the actual méchanism for this .arrangemcnt is not clear, since by the time that

_ the polypeptide chain reaches the Golgi it has already folded into a 3-D structure. This
my indicate that more emphasis should be directed towards configurational rather than
sequential factors. Further, the control of oligosaccharide s&ucture must be determined
genetically; that is, in terms of the type and the relative concentration of transferases.
For example, different blood groups arise from different oligosaccharide chains of

glycoproteins and glycolipids of red blood cells (Berger et al., 1982).

‘Struéturally; O-fypc glycoproteins exhibit all the different forms of carbohydrate
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configuration, and contain from one to more than twenty saccharides per chain '(Ientoft,
1990). But in most systems there seem to be only five different gore structures defined
by the sugars directly attached to the initial GalNAc residue (Paulson, 1989. See Fig.
1.3). Three major sub-types of N-type glycoproteins have been identified. They are-
called high mannose, complex, and hybrid. Theyhave a common core structure
consisting of five sugar molecules (see Fig. 1.3). The high mannose sub-type contains
mainly mannose in the outer core, the complex sub-type has a highly varied and
branched carbohydrate chain and beside mannose contains other carbohydréte
molecules. The hybrid, aS the name implies, shares features of bqth high mannose and
complex sub-types fehtures (For more details see Bcrger etal., 1982; Paulson, 1989).

Man(al-G)\ o (:I:)Fuc\
| Man(B1->4)GlcNAc(B1->4)GIcNAc->Asn'.
Man(a1-3)/

Figure 1.3 : The common core structure of the N-type glycdproteins.
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1.2. Distribution

Since 1967 there have been a number of reports concerning the presence of
carbohydrate rich proteins in the region of the synaptic cleft (Pfenninger, 1973;
Ramboueg & Leblond, 1967). The use of carbohydrate binding proteins (lectins)
revealed the presence of glycoprdtéins on postsynaptic membranes and in particular
postsynaptic densities (PSDs). Analysis of the composition of PSDs, synaptic plasma
membranes (SPMs), and synaptic junctions (SJs) has confirmed their high glycoprotein

contents.

Brunngraber (1972) provided a detailed set of data on the subcellular and anatoxhical
distribuﬁon of glycoproteins in the rat brain. Briefly, 20% of the total glycoproteins
~ were found in the crude nuclear fraction with the same percentage occurring in the -
soluble fraction (for a review of nuclear and cytoplasmic glycosylation and the presence
-of their processing enzymes, glycosidases and glycosyltransferascs,.. see Hart et al.,
‘1989). However, Margolis & Margolis (1972, 1979a&b and 1989) foundA
-"approximately 90% of the brain glycoproteins to be integral components of cell surface
- and internal membranes (see also Schachter, 1978; Zatz and Barondes, 1970). Finally,
through partial purification of soluble (Saraswatti & Bucchawat, 1970) and insoluble
~ glycoproteins (Brunngraber, 1969a; Dutton & Barbndes, 1970), about 80% of brain
glycoproteins v;'cre, reported to be insoluble and membrane bound.

The high degree of heterogeneity of glyéoproteihs raises the possibility that the amount
of any one glycoprotein in a gi‘ven organism will be rather limited (Quarles & Brady,
- 1971). As for the type of oligoséccharidc lin_kage, most of the glycoprotein sugar
chains in SPM, PSD and ST have N-type linkages; O-linked sugar chains account for
only 1-2% of the total glycoprotein carbohydrate (Krusius et al., 1978).

Relatively little information is available regarding the oligosaccharide structures of
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 synaptic glycoproteins. Krusius et al. (1978) reported the identification of five O-linked
sugar chains in rat's SPMs. Analyses of N-linked oligosaccharides have identified
triantennary complex chains (between 60-80% 6f .the total sugars), biantennary
structures (21%), and high mannose chains (13-16%) (e.g., Krusius et al., 1978).
Almost no hybrid oligosaccharides are associated with synaptic glycoprpteins (Gurd,
1989).

_Given the large amount of membrane area in the axon and terminal fields of most
neurons, one would expect a considerable percentage of the glycoprotein labelled in
" neuronal cell bodics_to be transferred via the axbnal transport system to the nerve
terminal and aléo to dendrites. In Aplysia only 45% of the incorporated labelled fucose
was reported to have been exported into the axon within 10 hr after labglling (Ambfon ’
et al. 1974). In the mammalian optic system, however, 70-95% of the labelled
glycoprotein may be transported to the nerve terminal (Gurd, 1989). Most of the
axonally transported glycoproteins are iniegrated into. either axonal or terminal
membranes (e.g., Bennett et al., 1973; Gammon et al., 1985). There is also evidehce
suggesting that some transported glycoproteins, perhaps confined to the lumen of
- transported vesicles, are secreted from axons and their termiﬁals (Caroni et al., 1985;

Gurd, 1989).

Postsynaptic cells also Bccome labelled by transported glycoconjugates. Some of this
label is subsequently axonally transported to the terminals of these postsynaptic cells
(Bennett et al., 1973; Casagrande & Harting, 1975; Matthews et al., 1982; Specht &
- Grafstein, 1977). This mﬁy be due to either the uptake and reincorporation of labelled
sugar following metabolic turnover of transported glycoconjugates, or to the transfer of

intact glycoconjugates, or a combination of both (Gurd, 1989).
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1.3. Metabolism

During the last decade much has been learned about the synthesis of glycoconjugates. It
. is known thai, with the exception of N-linked oligosaccharide synthesis which occurs
in the tough‘ endoplasmic reticulum (RER), all the processing steps take place in the

Golgi apparatus (Golgi).

1.3.1. Biosynthesis : There is no template, as in the case of polypeptide
synthesis, for the structure and elongation of the carbohydrate chains of N- and O-type
glycoproteins. Their final structure depends on the spcciﬁcity of the glycosyl
transferases present and their relative concentrations at the sitg: of synthesis/assembly
(Berger-et al., 1982). The enzymes transfer the sugars from their activated nucleotide -
derivatives and link them to specific glycose accepforé. ‘There are also structurai and
functional influences in the biosynthesis of these sugar chains; the émino acid
sequences afdund the site of glycosidic ﬁnkagc as.\.;vell as the polypeptide structure and '
the total number of amino acid residues play important rbles in the final structure of the

oligosaccharide chain (Pollack & Atkinson, 1983; also see Berger et al., 1982).

Nearly all glycoproteins are synthesized by ribosomes bound to the endoplaémic
reticulum and contain covalently linked carbohydrate chains (Palade, 1975; Stryer,
| 1981; Hubbard & Ivatt, _1981). Glycosylation takes place either as polypeptides are
- being synthesized, or shortl& 'after (Berger et al., 1982). 'I'hé carbohydrate chain may
both orient the nascent glycoprotein in the membrane and also determine its destination;
that is, whether it will be secreted or become bound to the plasma membranc or
transported to the lysosomes (Stryer, 1981). The "signal" sequences of these secretory
and membrane proteins which are excised in the RER under normal circumstances can
be seen when the proteins are synthésizcd in vitro in the presence of free ribosomes

(Stryer, 1981). However, ecto-galactosyl-, fucosyl- and sialyltransferases have been
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found on the extracellular surface in neuronal cultures and adult CNS, suggesting that

they have a role in cell;cell interaction (Matsui et al., 1983; Rostas et al., 1981).

N-type glycoproteins contain a common inner core structure (scé ‘Fig. 1.3). These core
-units are transferred from a lipid cérrier, called dolichol phosphate (PDol), to the
growing polypeptide chain on the luminal side of the RER membrane (for a more
detailed study of the role of dolichol see Hughes, 1983; Schwarz & Datema, 1982)..
The activated donor carbohydrates are usually nucleotide sugar dgrivativcs, but dolichol
phosphoryl mannose (Man-Pdolj and dolichol phosphoryl glucdse (glucose-Pdol) also
act as potential donors in the synthesis of N-type glycoprotems (Berger et al., 1982).
Lipid-linked ohgosacchandcs are synthesised first and then u'ansferred to the protein
moiety thencby rclcasmg the lipid. The oligosaccharide cham is synthesised by the
seqﬁential addition of sugars to the lipid moiety, dolichol phospﬁate (PDol). Here PDol
is anchored to the RER membraﬁe and sugars are then transferred by membrane—bound

transferases (Fig. 1.4).

GIcNAc + P* -> GlcNAcP*
GIcNAcP* + Dol-P -> GIcNAcP*P*-Dol -> OOGlcNAcP‘P‘ Dol ->

P*P*.Dol + OOGlcNAc Asn (protein) .

Figure 1.4 : A summary of the sequential steps from GIcNAc to its linkage with
asparagine. P*, activated phosphate group; 00, oligosaccharide chain; GlcNAcP*,

activated oligosaccharide.
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1.3.2. Sub-cellular sites of glycosylatidn : It is generally accepted that the
majority of giycoproteins found .at the nervé terminal are synthesized in the cell soma,
processed in the membrane systems of RER and Golgi, and transported in particulate
form, by fast axoplasmic traﬁsport to the region of the synapse at a rate of
approximately 70-80mm/day (as compared to 1lmm/day for proteins) (Bondy, 1971).
‘However, within the same neuron, different glycoproteins can be transported at
.diffgrent rates. Levin (1977) reported two waves of transported giycoprotein in rat
moving through the hypothalamué at 96 and 48 mm/day, -respectivcly. Glycoproteins

~ are not transported faster than non-glycosylated proteins.

The presence of certain glycosylaﬁng enzymes in nerve endings has also been reported
by several investigators (eg., Forman et al.,, 1972; Zatz & B#rondes, 1971). Margolis

 and Margolis (1975), for example, provide evidence fér sialic acid inéorporation at
nerve terminals. A fucosyltransferase in the region of the synaptic junction has also

- been reported (Rostas et al., 1981). Fucose is rapidly incdrporated at nerve endings
‘(Autilio et al., 1968;‘«Morgan & Austin, 1968) and accmxycyclohexiﬁxide can inhibit
this phenomenon (Zatz & Barondes, 1970). |

It is well documeﬁtcd that the transfer of oligosaccharide to protein takes place in the
1umcn.of RER (Morre et al., 1979; Bretscher & Raff, 1975; also see Ralph et al.,
1982). During their synthésis, those glycoproteins destined to become integrated in the
membrane remain bound to the RER membrane by hydrophobic polypeptide chains.
Glycoproteins are then separated from the binding proteins which, during translation,
bind them to ribosomes, and transferred to the smooth endoplasmic reticulum (SER).
Glycoproteins arc transferred to the Golgi for the final stages of posttranslational
modification. Glycoproteins destined to be soluble are released in the Eistcma after the
completion of the translation process. In addition, the Golgi apparatus is recognised as

a site for further glycosylation (Haddad et al., 1971). The enzymes N-
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acetylgalactosaminyltransferase and a glucuronosyltransferase, involved in tﬁe
syﬁthesis of the repeating polymer of chondroitin sulphate have been identified in the
Golgi of developing chick embryo brain (Jourdian, 1979).

The biosynthesis of glycoproteins and, in particular, their mode of glycosylation is
highly ordered and shows specific temporo-spatial charaaeﬂsﬁcs (Hughes, 1983).
Some sugars like fucose, galactose, and ManNAc are added to the growing
carbohydrate chain in the Golgi. Here, the terminal sugars of the common carbohydrate
cores of N-type glycoproteins are trimmed and remodeled (Stryer, 1981).

Glycoproteins are then sorted and packziged for different destinations.

The synthesis and translocation of gangliosides and glycoproteins in chick CNS aftér ‘
aﬁ intraocular injection of N-acetylneuraminic acid (NANA) has been reported by
4 Donowicz et al. (1988). Four hours after injection, the highest cbncentration was found
in the vesicles of the retinal 'ganélion cell layer. Under the influence of anaesthesia,
shown by Richards (1983) to reduce the release of neurotransmitters, more
gangliosides and glycoproteins were fdund in the vesicles than in synaptic plasma

membranes (sec also Donowicz et al., 1988).

Membranc-bound glycoprotein proéessing' enzymes have also been identified. For
éxa_mple, cell surface N-acetylglucosamine(p1-4)galactosyltransferase has been found
in chick embryonic retina (Ro'th ét al., 1971). Most if not all synaptic glycoproteins are
oriented w1th their oligosacc.haride moieties facing' fhe synaptic cleft (Gurd et al.,
1983). Thc structural modification of oligosaccharides would therefore require that the
necessary enéymes and substrates be present on the outer surfacc of the membrane and
there is already evidence supporting the presence of these processing enzymes in neural

tissues (c.g., Matsui ct al., 1986).
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1.4. Biological effects of glycoprbteins _

Oné concept of glycoprotein function is based on the fact that certain carbohydrates rﬁay
represent highly specific compounds acting as carriers of biological information. A few
well documented functions of glycoproteins, attributed to their carbohydrate chains,

may be summarized as follows:

A. Cell-cell recognition : A specific sequence of these chains can lact as a
complementary structure for other molecules such as, proteins, glycoproteins, or even
glycolipidé. This phenomenon is known as cell-cell or cell-molecule recognition. Thus,
certain glycopro;cins function as membranc receptors with a high degree 6f specificity
for endogenous ligands (Palade, 1975; Rothman & Fine, 1980; Merlie et al., 1982).
Glycoproteins can act as highly specific cell adhesion molecules. This is important in
-the formation of tissues and organs during embryogenesis (Hughes, 1983). Processes
such as cellular proliferation, differentiation, sorting, translocation, and termi_nal
development depend on specific intercellular reorganisation and selective adhesion

between cells.

B. The type of.glycosylation may determine the function of glycoproteins. For
.cxample,.‘sulphated glycoproteins tend to interact with pharmacological agents
containing basic amines, ‘making them good candidates to bind certain neurotransmitters
such as monoamines (Simpson et al., 1976). A number of neural receptors such as
_cholinergic, opiate, and GABAergic réceptors are known to bc glycosylated (eg.,
Merlie et al., 1982). The oligosaccharides present in the acetylcholine receptor (an N-
type glycoprotein) play a role in détermining the assembly and folding of the newly
synthesized polypeptides (Merlie et al., 1982). Similar results have been reported with
respect to opiate receptors and the role of terminal fucose, as shown by 2-deoxy-D-

galactose (Richter et al., 1991).
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C. The structure of the oligosaccharide chain itself can influence the conﬁgﬁration‘of
the protein backbon_e to which it is bound (Berger et al., 1982). Co-translational
transfer of oligosaccharides to the growing polypeptide chaiﬁ in the RER may be a
determining factor in the final molecular configuration of the protein (Berger et al.,

1982).

D. Both glycoprotein and glycolipid oligosaccharide chains can stabilize the cell
membrane, and influence its fluidity and permeability (see Rahman, 1982). Cell surface
glycoproteins may be attached to cytosolic miérqﬁlaments and microtubulin to give

shape and mobility to the cell (Berger et al., 1982).

E. The role of glycoproteins in the formation of new neuronal circuitry and in
morphological changes duriﬁg memory fdrr;:atién and consolidation, has been
. extensively investigated in several laboratories. The biological functions of
glycoproteins such as adhesion, recognition and so forth, are considered to be
important in developing a theory of memory aﬁd learning (for detailéd discussions see

Edelman, 1987; Matthies, 1989; Rose, 1981a, 1983, 1_989§ Schmidt et al., in press).

1.5. Fucbse containing glycoprotéins

Fucosylglycoproteins are major constituents of syhaptic plasma mem&mes. Indeed,
26% of the total membrane proteins and 86% of the total glycoproteins of SPM are
known to contain fucose (Zanetta et al., i977). As such fucosylglycoproteihs would be
expected to play an important role in cellular events that involve the plasma membrane,
including cell-cell interaction. During epidermal differentiation in rat there is a,three.fold
increase in the synth;sis of fﬁcosyiglycoproteins (Zieske & Berstein, 1982). By using
sequential lectin-affinity chromatogfaphy and [*H]fucose labelling of on SPM
glycoproteins, Gurd and Mahler (1974) were able to identify up to 25
fucosylglycoproteins in rat. Similarly, Zanetta et al. (1977) reported the presence of
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. some 40 glycoproteins from their rat SPM preparation, using mannose (Concanavalin
A) and fucose (Ulex europaeus type I) specific lectins. The significance of this diversity
of glycoproteins present in SPMs or of the heterogeneity of their oligosaccharides is not
known, but may reflect the occurrcnée of related glycoproteins with distinct sugar

compositions in functionally different synaptic subtypes or the ‘presen»ce at individual
synapses of structurally diverse glycoproteins, or a combination of these factors (Gurd,

~ 1989).

Fucose in glycoproteins is present either at the terminal position or the non-reducing
position in the carbohydrate chain (Berger et al., 1982).‘It is usually, but not always,
ﬁn]:ed to galactose, (see Fig. 1.3). The most commo;_) linkage between galﬁctose and
fu(;ose is fucose(a1->2)gal;1ctose. The enzymé B-galz;cfosidc(a1-2)fucosyltransfcrase

has been identified in many animal and human tissues (Beyer et al., 1981).

A number of fucosylglycoproteins have been identif"ied in the nervous system. For
exa'mple, Thy-1, the smallest member of immunoglobulin family is heavily fucosylated
(Willams & Barclay, 1988). It has been implicated in neu?‘al growth during -
developmcﬁt, showing # 100 fold increase in the brain during early postnatal

development (Morris, 1985).

In géneml, about 60% of identified neural glycoproteins contain galactose or galactose -
and fucose (Goodrum et al., '1989). The heavily glycosylated myeﬁn associated (N-
type) glycoprotein (MAG) is another example of neural fucosylglycoproteins (Quarles
et al., 1973) (Table 6.2 in Chapter 6 contains a list of glycoproteins that have been

identified in the nervous system).

The metabolic pathways of fucose and fucoglycoproteins have been investigated in a
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number of laboratories. Following an intraperitoneal injection of [C]fucose a large
proportion was found to be excreted, leaving the rest almost exclusively incorpdrated
into fucosylglycoproteins (Brunngraber, 1972). It was, therefore, suggested that ei;hcr
fucose was not converted to other sugars, or it underwent a very slow conversion
(Brunngraber, 1972). Fucose catabolism was also reported to be very slow (Coffey et
al., 1964). In his study Coffey et al. found no [*4C]fucose breakdown into [14C]CO,.
Bekesi and. Winzler (1967), however, refuted Coffey's claim when they observed
about 1.6% conversion of ['C]fucose into [14C]CO, six hours after injection. Durand
and associates (1969) réportcd on the presence of fucose-containing glycolipids,
gangliosides, and mucopolysaccharides in the nervous system, amounﬁng to less than
'0.1% of thé total fucbse contérit. Two types of enzymes act on: fucose before itis lixiked
"to the oligosaccharide cham Fucokinase links fucose to 1ts nucleondc GDP and

' fucosyln'amferase transfers GDP fucose to galactose

Fucosylglycoproteins may undergo déglycosylation before they reach their final
destination. Indeed, several glycosidasgs have been identified in synaptosomal
preparations (e.g., GﬁstastOn et al., 1982, Ohlson & Karlsson, 1983; Towsend et al.,
1979). Fucésylglycoprotcins are repo;tcd to exhibit two diffc%g'ent turnover mteé, one
fast with a half-time of about one day, the other with a ﬁalf-time of 7-10 days
(Goodrum et al., 1989).
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2. GLYCOLIPIDS

2.1. Classification and structures

Glycosphingolipids are one of the major constituents of the neural lipids; the others
being phospholipids and, to a less extent, cholesterols. In general, sphingolipids are
divided in to four groups: cerebrosides, sulphatides, ceramidepolyhexosides, and
gangliosides (Rouser et al., 1978, Routtenberg, 1982). They all contain a basic
building block known as sphingosine (Suzuki, 1981, J4rnefelt et al., 1978), which
consists of a long aminodiol chain with one unsaturated bond (Fig.1.5). The structure
of the oligosaccharide moiety of glyéolipids is détcrmined by the availability and
concentration of specific processing enzymes. The sugar molecules in__glycolipids'can
vary in number, type, and proportions. Gangliosides, for example, contain as many as
seven carbohydrates. Cerebrosides, the simplest glycolipids with only one sugar, either

contain glucose or galactose.

2.2. Metabolism ‘
2.2.1. Biosynthesis and degradation of brain gly‘cosphingolipids. : The
biosynthetic mechanism of glycolipids is essentially the same as that of glycoproteins
(Ginsberg and Neufeld, 1969). Some of the transferring enzymés have already been
identified (Robinson et al., 1966), and the Golgi apparatus is suggested as the site of
glycosylation and sulphation. The major site of the synthesis has been found to be the
perikarya, with a small amount of synth;sis taking place in synaptosomes (Caputto et
al., 1976; Maccioni et al., i974b; Arce et al., 1971). During glycosylation the addition
of carbohydrate molecules to ceramide is carried out in a.stepwise manner.
Carbohydrate chains are similarly degraded through sequential hydrolysis of glycosyl
groups in lysosomes by exoglycosi&ases only (Jirnefelt et al., 1978; Schachter, 1978).
The glycosidases involved act in association with certain protein factors possessing
dctergent—liké properties. For reviews of the biosynthesis and degradation of

glycolipids see Ledeen (1983), Radin (1983), and Kishimoto (1983).
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CH3(CH3)n-CH=CH-CH-CH-CHO-00

|
~ OH NH,

AFigure'l.S : | The Molecular Structure of Sphingosine.
The amino group'of sphingosine is usually acylated with a long chain fatty acid
‘ranging from C14 to C26. This hydrophobic part of the molecule is incorporated
in the membrane bilayer with the hydrophilic part, ié. carbohydrate chain (0 in
above figure), emerging into the intercellular medium (Suzuki, 1981) (n.=10-'1 6,

but commonly n=12).

2.3. Distribution

All neural ccll membranc li;;id, bilaycrs consist mainly of glycosphingélipids (including
gangliosidés), cholesterol, a number of glycerophospholipids, and a trace amount of
sphingomyelin (Suzuki, 1981). Most of the glycolipids and glycdproteins of the animal
cell are associated with the surface in;:mbrane (Schachter, 1978),. In the CNS, ‘
gangliosideé comprise up to 5-10% of the total lipid of cell membrane, with the
synaptosomél fractions containing up to 12% of total brain gangliosides (Ledeen,
1978). In .fact; the highest concentration of glycolipids are to be found at the nerve

endings (Volk & Aronson, 1972).

2.4. Fucose containing glycolipids
~ In the last twenty years the role of fucose in glycolipids has been increasingly

recognised, especially in the area of hzmatology and neurology. For example, certain
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glycésphingolipids related to blood groups have been observed to contain fucose (see
e.g., Stellner & Hakomori 1973; Presper et al., 1978; Yang and Hakomori, 1971). |
Sonnino ei al. (1978) identified a fucosylglycolipid in pig cerebellum. Other
fucosylgangliosides have been isolated from human brain (Ando & Yu, 1979) and pig
nervous tissue, in dorsal root ganglia, spinal cord, and forebrain (Morrison, 1986).
Fucosylglycolipids have a slow turnover. Thus, 24hr after intracerebral injection of -
[“CJfucose no detectable fucosylglycolipid fractions can be found in the mouse brain
(Dutton & Barondes, 1970; Zatz & Barondes, 1970).

The biochexhical functions of fucosylglycolipids are ﬁot wéll undcrstood (Mc Kibbin,
1978). They do share some of the funcﬁoné of glycoproteins (for a summary of -
glycolipid functions see the section entitled "Glycolipids and Infqimation processing"). .
Fucosylglycolipids are often present in rapidly proliferating tissues; éuch as -
gastrointestinal epithelium, salivary gland, bone mafrow, testis, and so on. However,
they are generally absent, or present in lower amounts, in tissues that do not undergo

cell division such as the brain and kidney (McKibbin, 1978).

3. FUCOSE AND ITS METABOLISM

Coffey et al. (1964) observed that fucose became incorporated into glyéoproteins |
without prior conversion to other sugars (gee also, Sturgess et al., 1973; Kaufman &
Ginsberg, 1968). However, certain enzymes capable of conveﬁing fucose to othér

hexoses and lactose (a disaccharide of glucose and galactose) have been identified

(Wilkinson, 1957).-

~ Fucose has been used in many studies to assess the turnover rate of glycoconjugates.
The turnover of fucose-containing glycoproteins has two very different rates, one fast
(around 1 day), and the other slow (around 30 days); the latter representing partial.
reutilization of labelled fucose (Margolis & Mérgolis, 1989). Longer turnover rates
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have also been seen, in different system as shown in Fig. 1.6.

When incorporated in macromolecules, fucose is ¢ither linked to galactose via zi 1->.2
~ linkage, or to GIcNAc via 1->3, 1->4, or 1->6 linkages. In glycoproteins, fucose,
having a half-life of one month, occurs at non-reducing terminals of carbohydrate
chains and thus acts as a "chain stopper” controlling the extent of chain elongation (Zafz
& Barondes, 1970; Flowers, 1981). |

LA

Tissue Fast t),) (days) Slow t, (days)
- Chick cilliary ganglion - 7
- Pigeon optic lobe : 3 38
Pigeon optic tract 7 69
Goldfish optic tectum - 20
Rabbit OT, LGB, SC - - 10.
. Mouse LGB and SC 24 7-10
Rat sciatic nerve . - 7

Figure 1.6 : . Turnover rate of fucosylglycoproteins in the nervous system ﬁsing
[3H]fucose as precursor. OT, Optic tract; LGB, lateral geniculate body; SC,
superior colliculus; —, no data is available. Adapted from Goodrum et al. (1989).
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PART THREE : NEURAL PLASTICITY IN THE CHICK

"That there are-metabolic changes consequent upon training has made life
relatively easy for those working in this field. It would have been more bothersome if

there had been no such metabolic events...." (Rose 1981b).’

Learning and memory in birds

During the past few decades a large body of research m avian learning has developed
with the aim of acquiring an undersfanding of neural plasticity which would be
-applicable to all specics possessing an organized nervous system. It includes the
neﬁrobiology of song learning, food storage and retriéval, imprinting and learning and

memory. .

.A case for the chick : Research into ‘neurai-mechanisms of m‘cmor;'} and leaming in -
birds is merited because they possess certain highly developed behavioural repertoire
such as flying, intercontinental migration, sihging; and food storing. The young
domestic chick is a valuable model in which neural meéhaﬂsms of plasticity can be
investigated. Chick is precocial (exhibiting spontaneous environmental e*plofﬁtion and
food searching shoi'tly after hatching), cheap to keep, easy to handle, and has a partial
blood brain barrier which facilitates certain pharmacological exﬁerirhents. On the other
hand, for behavioural studies, theré are a number of set-backs when usiﬁg chicks; the
CNS of the young éhick‘ is rapidly develéping which may confound the study of neural

processes related to learning and memory.

Imprinting

Imprinting, found in many vertebrate species, and especially common in precocial
bi‘rdsv, is ‘an adaptive process in which animals, during a sensitive period, learn to
rerstrict their social preferences to a specific class of objects (Hess, 1959; Bateson,
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1966). During this time the young bird makes use of as many cues as it can perceive
[e.g., visual, olfactory, and auditory (Scott, 1962)] in order to imprint on its mother (or
‘both parents, or in the case of birds, any movi;lg object which may or may not
resemble parents). They then' follow them and actively avoid other objects (for a review
see Dudai, 1989). In birds, the sensitive period usually starts from hours after hatching
to a few days later. According to Lorenz (1981) imprinting serves two purposes, first;
it ensures survival (ﬁlml_;mpm]nng, during dark days of feebleness!), and second; it
serves to minimize filial genetic pooling during mating, sexual imprinting).

A convenient way to déxhonstmte filial imprinting is to place dark-hatched chicks
individualiy in a free rotating, but stationary, cylindrical cag; with a verticallopaque
base and top and horizontal transparent wire-meshed sides (Horn, 1985). They are then
expdsed to.imprinting objects (a rotating cubé, flashing light, a.stuffed-j_ungle fowl etc.)
‘during which time they may try to get close to the object by walking on the wire mesh.
After mmal 1mprmung, the degree of prefercncc to- the 1mpnnted as opposed to a
neutral obJect is assessed by placing the chick in a similar but moving cage, which is
designed such that, when chicks try to get near to the preferred object, it moves away
. from it. This provides a measure of the degree of preference (Bateson & Wainwrighﬁ
1972). |

The incorporation of iabélled lysine into protein and uracil into RNA during ifnprinting
have been investigated, and shown to be experience- and brain region-specific. In split-
brain chicks (with an ablated'_dorsal supraoptic commissure leaving the 'conu'alateral
. pathways intact), birds that imprinted with one'eye opeﬁ showed increased RNA
expression and protein synthesis in the contralateral anterior forebrain roof (Horn et al.,
1971; 1973, Bateson et al., 1972). Furthermore, the degn;e; of experience (measured by
the amount of time that chicks were exposed to imprinting objects) was positively

correlated with lysine and uracil incorporation. In these experiments control birds were
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not imprinted on any object but kept them in the dark auﬁng the course of the
experiment. It was therefore, possible that light deprivation contributed to low
incorporation of precursors. Based on the assumption that the degree of learning
correlated with increased metabolic rates, an improved version of the above experiment
_ was devised. Here; when two groups of birds (A and B) were imprinted on an object
for different periods in day one (i.e. group A, shortef, and group B, longer), but
exposed to the object for equal amount of time on day two, gmlip A showed more
incorporation of precursors into the anterior forebrain roof, measured on day two, AthanA
group B (Bateson et al., 1973). Moreover, imprinted chicks that showed more intensity
of preference towards the object exhibited more uracil and lysine incorporation
(Bateson et al., 1.975). Autoradiography of brain sections obtainedm frbni chicks in
groub ‘A resulted in more uracil incorporation into intermediate medial hyperstriatum

ventrale (IMHY) than those obtained from group B (Horn et al., 1979).

Radiolaﬁelled urac11 and 2-deoxy-glucose incorporation was used to investigate which
structures responded to visual and acoustic iniprinting (Koshka ct al., 1979, and Maier
& Scheich, 1983). The length of time that chicks followed a ﬂoatihg red balloon dlﬁ'ing.
retrieval was taken as the criterion for succg:ssful imprinting; those that followed the
- balloon for over 20min were considered 1mprmted, and those with a pursuit a timé of
less than 5min non-imprinted. Another study exploited the criterion of pi'eference
between two distinct tones (1.8 and 2_.5kHz, with chicks imprinted on the lower
frequency tone). Here, besides IMHV (as identified by Horn, 198S5), hyperstriatum
accessorium and the lateral and medial neostriatum and hyperstriatum ventrale were also

found to incorporate this metabolic precursor (Maier & Scheich, 1983).

In order to assess the involvement of these anatomically identified structures in

imprinting, lesion studies were 'carr'ied out. Bilateral lesions to the IMHV before
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iniprinting abolished:the ability of chieks to imprint and post-imprinting lesions made
them less able to remember the imprinted object' (McCabe et al., 1981; 1982; Hom et
al., 1983). The IMHY is therefore, necessary for both acquisition and retrieval.
However, the involvement of IMHYV in imprinting has proved to be more complicated
than it first seemed. For example, chicks imprinting on a rotating coloured box were
more severely affected by IMHYV lesions than those imprinting on a stuffed fowl (Horn
& McCabe, 1984). Thus, it seems thatchicks have a genetically acquired predisposition

towards their mother hen.

However, chicks exhibit equal preferences for a disarticulated stuffed fowl, ihtact
sfuffed fowl, stuffed duck aﬂd even stuffed polecat 'whlen compared with other
stizriﬁlants such as the rotating red box (Johnson et al., 1985, and Horn, 1985). When |
- IMHV- and Wulst-lesioned' chicks were compared for their abﬂity to distinguish
* betweer familiar and unfamiliar stuffed fowls (slightly defenng in shape), the former |
failed the task, indicating that they had lost their ‘fine-tune’ capﬁbility (Johnson &
Horn, 1987). The IMHV, therefore, enables chicks to distinguish the fine qualities of a
particular type of object (Johnson & Horn, 1987), and its ablation abolishes the ability
to acquire and remember, say, a fotating' red box and the individuality of chickens, but
does not abolish the (adaptive) innate preference for a "platonic chick" [see Dudai

(1989) fc_>r a more detailed review].

Learning . |

Passive avoidance training paradigm : One .trial passive avoidance training in
the chick was first introduced by Cherkin & Lee-Teng (1965), and later modified by
 Gibbs & Ng (1977). Itis argued that for an ammal to learn a task it must contain some
important elements of survival such as fear, danger; pain, or solution to pressing
problems like hunger (Rose, 1981a). Passive avoidance training employs some of these

survival aspects, such as environmental exploration and the search for food and water.
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Unpleasant-tasting objects, once tried, would be avoided thereafter (Rose, 1985). In

passive avoidance training the bitter tasting liquid methylanthranilate (MeA) is used. It.

is presented to birds by dipping a chrome bead attached to a metai rod in the solution
and holding the rod in front of the bird; the control birds are presented with a bead
dipped in water. The actual training is preceded by what are known as equilibration an&
pretraining periods. buﬁng the equilibration period, clﬁcks are placed in pairs in
individual pens for soﬁe time so that they become familiarized with the new
environment. .By the time of tralmng any psychological stress is assumed to have
disappeared. The pre-training procedure involves presentation of dry white beads to the
birds. The actual training then follows shortly after by presenting tile birds with beads

coated with water or MeA. Birds are then tested after a fixed interval, during which
time they may undergo specific treatments, like brain lesions, electroconvulsive shock,

injection, and 'so forth. At At.hc time of testing, the birds that .rcinember the taste of the -

'MeA avoid peaking at the bead which they associate with the bitter taste. [For a detailed

account of passive avoidance training and its justification as a tool for investigating the

neufal mechanisms of learning and memory see Rose (1985)].

Passive avoidance is perhaps the simplest form of training; it involves a single discrete.

and effective presentation and as such it is a useful tool m studies that depend on
accurate timing, like investigation of immcdiate (or early) posttraining ﬁeural activities,
- and the role of ﬁharmacologically active agents with a specific mode of action (e.g., the
use of agonists or antagonists of me'mbrime channels, or inhibitors of posttranslational

modification).

Background : It is generally accepted that the formation of a long lasting memory
trace involves a chain of neuronal events as regards their temporal, physiological and
molecular properties (e.g., Matthies, 1989; Rose, 1981b and 1991a). Early neuronal

activities, like organized nerve impulses and ion channels activation, would lead to
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more or less permanent (in some cases life-long) structural changes. The immediate
post experience neural events, in the form of K* channel activation, lasting only a few
minutes would necessarily have to lead to some intermediate changes, in the form 6f
Na*/K* pump activities, and perhaps receptor down- or up-regulation. These events
would then result in 'sequential molecular changes in the form of de novo '
macromolecular synthesis (e.g., Gibbs & Barnet, 1976; Gibbs et al., 1978; Gibbs &
Ng, 1976; Patterson et al., 1986 ant_i 1987). In parallel with, or as part of, imx_nediater
and intermediary changes, a sequence of events involving posttranslational modification -
may also occﬁr. Routtenberg (1982) would érgue that, givén; "a', the slow pace of
protein synthesis machinery; 'b’, the coﬁ:pli_g:ations involved in transport of specifically
synthesized macromolecules from the cell soma to specific dendritic branches for the
formation of neural contacts (considering a value of 10* postsynaptic sites per neuron);
ahd 'c', thé pié_osecoﬁd timecourse of eaéh posttranslational modification, allowing
' sevéral' such modifications per excitatory pc;stsynaptic potential (EPSP), it is
coﬁceivable that de novo synthesis of inacrdmoleculeg may not take place during long-
term memory formation. Synaptic connectivity‘ can, therefore, take place in situ
without 2 need for selective "differential transport-tagging mechanism”. This érgqment,
"despite its strength, runs counter to some reports that show activation -of‘ immediatg
early genes and elevation of RNA and pfotein precursor incorporation after training and -
the amnesic effect of protein synthesis inhibitors ‘(Anokhin & Rosc, 1991; Anokhin et
. al., 1991; McCabe & Rose, 1987; Patterson et al., 1986 and 1988). It is possible that
both de nova protein synthes.is and posttranslational modification take pl#ce. There
"may be iwo phases of posttranslational modification, one taking place immediately and
the other some time (perhaps hours) after training. The former phase would act to
satisfy earlier neuronal requirements such as increases in synaptic efficacy and
connectivity, while the second phase acted to provide a more permanent enhancement

of earlier established mnemonic traces.
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Neurochemical and molecular changes associated with passive avoidance
training '

Some of the changes associated with passive avoidance training-are short lived. Fo:-‘
example, the observed rise in muscarinic receptor binding from 10 min to about 40min
after training and significant decrease in [*H]a-bungarotoxin (nicotinic receptor ligand)
binding m chick forebrain roof which reverts 'to' control level after 3h, suggesting the -
involvement of ‘acetylcl:holinc (Ach) in the process of .short—tgrm memory formation
(Aleksidze et ai.,_1981; Rose, 1981a). Other changes may last for days. Increased
protein apd glyéoprotcin incorporation have been shown to last at least 24hr (Schliebs
etal, 1985 Mileusnic et al,, 1980). - |
- In general, MeA chicks show various neurochemica.l,“morphological and physiological
changes which are mainly localized to the IMHV m the dorsal forebrain, the
paleostriatum augmentatum (PA), and lobus parolfactorius (LPO) in the ventral
forebrain (Rose & Csillag, 1985). In‘2-de§xy-glucosc uptaké experiments, Kossut &
Rose (1984) found that 30min after training the autmﬁdiog;aphically mcasméd uptake
of 2-deoxy-glucose-6-phosphate (the end-product of 2DGlc metabolism) in bosterior_ _
hyperstriatum ventrale (forebrain roof), PA, & LPO (forebrain base) was significantly
greater in MeA chicks than in W birds. Thirty minutes after training the increased 2- .
deoxy-éluéosc metabolism persisted in the left IMHV, thus showing lateralisation

(Rose & Csillag, 1985).

Protein synthesis is argued by Davis and Squire (1984) to be an essential step in the
formation of long term memory (LTM), and is believed to be initiated during, or shortly
after, trainirig. Thus, one hour after passive avoidance training in a d.ay-old' chick
Schliebs et al (1985) observed a 23% increase in [14C]1cuéinc incorporation into
forebrain slices. Pfcviously, Mileusnic et al (1980) reported aﬁatomical differences in
incofporation of [*CJleucine into brain proteins 30min to 24hr after passive avoidance
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training. [*H]fucose incorporation into glycoproteins, labelled leucine uptake into
tubulin were mainly confined to the anterior forebrain roof, but muscarinic changes

~ occurred throughout the forebrain roof.

If protein synthesis is required for long-term memory formation, inhibiting this neural
response should mterfere with learning. Intracerebral injection of cycloheximide (CX),
and other inhibitors of protein synthesis, has been reported by several investigators to
impair formation and retention of memory, or cause retardation in learhing‘ [e.g.,
Hambley & Rogcrs, 1979, Rogers et al., 1974, and for a review see Davis & Squire
(1984)). Several acidic amino acids like GABA, glutamate (Glu), aspartate, and taurine
injected intracerebrally can also impair learning. CX is claimed to increase intracellular
glutamate and aspartateilcvels but not GABA or taurine. This suggests that, besides its
"primary". function as a pfdtein synthesis inhibitor, CX niay'induce a "secondary"
‘effect by increasing certain neurotransmitters (see also Howard et al., 1980). -
Furthermore, CX (1mM) iﬁ vitro could only inhibit 60% of glycoprotein fucosylation
| (McCabe & Rose, 1985). Three hours after passive avoidance learning fucose uptake
persisted with a 16-19% increase in the right forebrain base even after CX treatment in
vitro McCabe & Rose, 1985), but not in vivo (McCabe & Rose, 1987). There may
é.lready exist an incompletely modified pool of glycoproteins "waiting" for
fﬁcosylation, and all CX does is to prevent de novo synthesis of ' glycbpmtems. This
suggests that a system of posttranslational modification (both early and late) is involved
in memory formation. The activity of fucokinase, one of the enzymes involved in
fucose processing, was reported to increase 1hr after passive avoidance training in the

chick (Lossner & Rose, 1983).

Another system of posttranslational modification is protein phosphorylation, a process
by which extracellular signals elicit various intracellular responses in the form of gene .

expression, protein synthesis, receptor activation, or posttranslational modification.
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- Thus, 30min after passive avoidance training a significant decrease in the rate of B-50
phosphorylation was found in SPMs of the IMHV of MeA birds (Ali et al., 1988a&b;
Bullock et al.', 1990a). B-50 (F1/GAP43) is an important neural phosphoprotcin
located mainly at the presynaptic membrane and is a substrate of Ca2* dependent -
protein kinase (PKC). It is bclievﬁd that, during memory formation, the catalytic
subunit of this enzyme translocates to the membrane and phosphorylates its substrates
(Burchuladze et al., 1991). No change in B-50 modification was seen 10min or lhr -
after training indicating a time-window for_thc earlier phase of_ memory processing.
Although inhibitors of PKC cause amnesia when injected immediately before or after
training, the amnesic effect is not detectable for the first 90min of the posttrain'ing
period, indicating that posttranslational modification of B-50 is perhaps involved in
intermediate termi memory rather than the short term phase. Interestingly, a unilateral
injection of PKC inhibitors (like melettin) into the left IMHYV is sufficient to cause

amnesia (Burchuladze et al., 1991).

Several attempts have been made to explain how the process of posttranslational -
modification may hélp to consolidate memory despite the short half-life of the substrate
molecule,_s (Crick, 1984, Lismen, 1985, Burgoyné, 1989). Another question that
presents itself is; if for each memory "quantuni" a given number of substrates are
permanently phosphorylated, would this entail the chick being constantly haunted by
the bitter taste of MeA!? Clearly; there must be a system of selection that decides which
memory quantum, already corisolidatcd, is to be re-activated at the appropriate time. It,
therefore, seems more likely that newly synthesized proteihs (perhaps permanently
modified by fucosylation) ; located at the synaptic terminals form new u'ans-syhaptic
connections, or increase the efficacy of existing synapses. The newly formed network
wquld then reflect the memory trace for, for example, the Gestalt of MeA-related

experience. However, there must exist a cellular mechanism, against the background of
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permanent turnover of macromolecules, to "immortalize" the newly established
network; that is, if chicks are to avoid the bead for days, this network must remain
functional but only active on appropriate times (perhaps mi'ough encountering thé same

or similar events).

According to Dudai (1989), a mechanism for generating LTM may be based on
alteration in gene expression which would result in long lasting modification of protein
synthesis (or posttranslational modification of proteins) and hence, in changes in
neuronal properties such as synaptic efficacy. The immediate-early oncogenes such as
c-fos and c-jun are believed to act as nuclear switches. Upon stimulation of cells they
~ quickly activate a chain of cellular responses and are presumed to promote 1ong-lasting
cellular changes (Halazonetis et al., 1988; Nakabeppu et al., 1988; Vogt & Bos, 1989;
Weinberg, 1985). Interestingly, the activation of c-fos is dcpéndcn; on the elevated
‘inﬂux of intracellular calcium through NMDA channels (Fitzgerald, 1950); applicgtion N
of the channel blocker MK801 results in a substantial.réduction in ¢-fos induction .
following noxious stimulation (Fitzgerald, 1990). Increased intracellular Ca2+.
concentrations activates the phosphatidyl inositol‘ (PI) cycle, part of a chain of E
intracellular messenger systems, resulting in a laétin'g cellular response (Berridge,

1986; Burgoyne, 1989; Vogt & Bos, 1989).

In MeA chicks the level of c-fos mRNA increased significantly (2-4 fold) 30min after A
training. Howe\'/cr, c-fo.;' is sensitive t0 external stimuli such as heatin>g, electﬁcal
simuladon or even non-noxious stimulation, like repeated brushing of the hindtimb,
and showed an increased expression in W-trained chicks (Anokhin et al., 1991;
Fitzgerald, ‘1990). Therefore, a two-day food-discrimination paradigm (pebble floor + -
food particles) was used in which three groups of chicks underwent either, no training
(no food), trammg (food on day two only), or overtraining/habituation (food on both
days) (Anokhin & Rose, 1991). The only group that_,exhibitcd increased c-jun
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‘expression was found to be the trained group in which birds ndturally learned to only
peck at the food particles. Similar results have recently been reported in rats undergoing

brightness discrimination training (Tischmeyer et al., 1990).

The role of brain structures
Rose (1981a) has argued that the mechanisms involved in memory formation should
take place in anatomically defined regions whose ablation would interfere with the
process. Earlier reports suggested a strong case for the involvement of the IMHV.
»-Ablation of the posteriolateral portion of the telencephalon (the major part of the
forebrain) resulted in complete loss of retention and relearming of passive avoidance
training (Benowitz, 1972). Dorsomedial ablations tha; include parts of the hyperstriatal
complex caused a deficit in new learning but not in the retention of a presurgically
acquired experience (Benowitz, 1972). Similar results have been obtained when IMHV
was lesioned*bilaft:r&lly before training, indicating a role for this structure in memory
processing (Davies et al., 1988). It was later found, however, that lesions to the left
IMHV would suffice (Patterson et al., 1990). Furthermore, 1 to 6hr posttrainirig
bilateral lesions to the same structure were found to be ineffective (Pafterson et al.,
1990). This suggested that left IMHY is involved in acquisitidn rather than just recall

and memory.

Other structures that were labelled by 2-deoxy-glucose (Kossut & Rose, 1984; Rose &
Csillag, 1985) were LPO and PA. It seemed likely that these areas play a role in some |
aspects of information processing complementary or synergistically to that of IMHV.
There do not seem to be direct neural connections between LPO and IMHYV, except
perhaps through the archistriatum (Ecnowitz, 1980), but direct ipsilateral and reciprocal
connections bétween IMHYV and PA have been identified (Bradley et al., 1985). In
contrast to IMHYV lesion studies, preummng bilateral lesions to the LPO proved to be
ineffective; but when LPO was bilaterally, but not unilaterally, ablated 1hr after
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training, chicks became amnesic (Gilbert et al., 1991)..It seems, therefore, that chicks
need their left IMHYV to acquire and their LPO to retain and recall memory. Similar
results were also reported carli;:r by Benowitz (1972) where the frontal section of the
forebrain, when ablated, impaired retention of a presurgically learned response but did
not affect acquisition after sufgery. However, chicks with pre-training bilateral LPO
and post-training left IMHYV ablation did still remember, but if the right IMHV instead

| of’t'he left IMHYV is lesioned, chicks became arﬁnesic (Gilbert et al., 1991). Therefore,
after acquisition and processing of the memory in the left IMHYV, the right IMHV takes
over, probably for further processing. However, when the right IMHV was lesioned
before training and the LPO lesioned after training, birds retained their memory. This
suggested that, under these circumstances, the left IMHV should have retained the
memory trace, aﬂd that, in normal circumstances, LPO would receivé the memory trace
via the right IMHYV. Therefore pretraining lesion to the right IMHV and posttraining
lesion to the left IMHV should be amnestic. In fact, this is not so. Thus, it seems that,
in the absence of the right IMHV at the time.of, training, other structures become '

involved in processing of the memory u?ape Fig. 1.7).

The results reviewed here should be viewed with caution since lesion to the brain is
bou_nd to trigger a number of compensatory reactions that may not be otherwise active,
. particularly in a fast developing organism like the young chick. It may be possible that
memory is first processed in a localized "éxecutive-centre", (say, the left IMHV) and
" then dissipated to other regiqns such ds the right IMHV and LPO, as well as other
’ huclci capable of storage and recall of dﬁ&ent aspects of the experience. However,

each one of these nuclei may only become active during a specific time-window.
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‘ 1 Lesion (left IMHV) : Train No lesions v Test -> Amnesia
2 No lesions ‘ " Train Lesion (Both IMHV) ~ Test-> Avoidance
3 No lgsions | Train Lesion (Both LPO) Test -> Amnwia'
4  Lesion (Both LPO) Train Lesion (left IMHV) - Test -> Avoidance
5  Lesion (Both LPO) .  Train Lesion (right IMHV) Test-> Amnesia
'6 - Lesion (Right IMHV)  Train Lesion (Both LPO) _ Test ;> Avaidance

7  Lesion (Right IMHV) © Train ~  Lesion (LefR IMHV) Test -> Avoidance

Figure 1.7 : A summary of lesion studies discussed in the text.

Physiological éha‘nges ‘ .

Anatomically localized physiological changes have been observed in the chick brain
afterApassivc avoidance training. A signiﬁéant increésc in high frequency neuronal

| bursting of IMHV was found by Mason and Rose (1987) wﬁen recording between 1 to
12hr after training in anacs‘thctized chicks. This effect was found to be specific to
memory formation since subjecting the trained chicks to sub—convulswe clectnc shock |
immediately after training not only rendered the birds amnesic but also abohshed thc
physiological changes. Chicks that, despltc receiving the shock, still remembered to
avoid the bead also still exhibited the typical high frcqucnéy activity (Mason & Rose,
1988). a | '

Recent studies have demonstrated that there is a more specific mode of bursting durifxg

the first 12hr post-training. Thus, spike activities are shown to be high within two
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specific time-windows, one about 1hr and the other between 7-9hr after training (Gigg,
1991). However, in MeA-trained birds, the right IMHV shows a sigm'ﬁcahtly higher
bursting activity during the second time-windowrthan the left. As for the LPO, it too
shows high. spike activity during the second posttraining phase but with no apparent
lateralisation. Again, these physiological activities were shown to be specific for
memory processing since application of electroconvulsive shock within the first few
minutes of training abolished these activities in birds that became amnesic. It is difficult
to explain what kind of relations may exist between the IMHV and the LPO,
‘particularly during the second time-vs-'indow', since no direct 'neﬁral connection between

them has yet been reported.

Morphological changes

Thcre is ample evidence that associates morphological changes with long term memory
formauon Morphological changes are classified by Duda1 (1989) into two categories:
first, those that are confined to existing connections and cause no anatomical alteration
to neural connectivity but alter the function, and, second, changes that lead to the

growth of pew (or climihatibn of some) anatomical connections.

The translation of biochemical into structural changes duﬁng memory formation i§
thought to take place mainly at the trans-synaptic level. Figure 1.8 Summarizés the
_results of a large number of studies in this area. Analyﬁs was carried out 24hr after
training. Morphometric mcééurenicnts indicated that, beside h‘aining-rel_éted changes,
certain phcnomena such as mean bouton density did not show changes after training;
- The application of transcranial subconvulsive shocks a few ~mon‘wnts_a.ftcr training
resulted in the absence of u'ainihg;mlatcd morpholbgicél changes only in those birds
that became amnesic after the shock treatment. If the shock is delayed by a few
minutes, however, no amnesia is Sgen in chicks and similar morphological changes are

found again.
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Glycoprotein fucosylation

Approaches to the study of glycoprotein involvement in cognitive processes includé
carbohydrate analysis of glycoproteins and monitoring of their influence on acquisitioﬁ,
storage and retrieval of memory, structural and subcellular distribution of these
_ molecules during different phases of memory, analysis of signal transduction pathways
necessary for the expression of fucosylglyc‘oprotcins, ‘and the application of
neuroimmunological tools for characterisation and identification of specific glycosylated
antigens. The results so far indicate that glycoprotein fucosylation is a specific neural
response to training and memory formation; it does not occur as a result of, for
example, merely exposing the chicks to the taste of MeA (without the accompanying

training procedure) (Rose, 1981a).

The biochcxﬁical and Biological properties of glycoproteins have been reviewed in Parts
One and Two of this chapter. However, since Chapter 4 is specifically devoted to
detailed analysis of fucoglycoproteins ‘that are involved in memory formation, further -
review as to the role of these molecules in cognitive processes are accounted for in that

chapter.

Neuroimmunological changés
One of the most effective ways tc; identify ahd assess the role of neural glycoconjugates
during memory formation and consolidation is the use of specific antibodies.
Antibodies can be used to show wheﬂx& the presence or the expression of an antigen is
,conc"omitant to or necessary in leaming, to examine the time course of such
“expression, and to map the anatomical and morphological distribution of the antigens.
Antigeris like Thy-1 (Bernard et aI;, 1983; Lappuke et al., 1987), ependymin (Schmidt,
1987; Schmidt & Piront, 1985; Schmidt et al., 1991; Shashoua & Moore, 1978), N-
CAM (Doyle et al., 1990; Nolan et al., 1987b; Persohn & Schachner, 1990), 411B -
(Bullock et al., 1987, and 1988), F-3-87-8 (Nolan et al., 1987a), as well as
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' vasopressin (Croiset et al., 1990), S-100 (Cicero et al., 1970; Shtark et al., 1987), 14-
V‘ . 3-2 (Cicero et al;, 1970), B6E11 (Stanton et al., 1987), L1 (Persohn & Schachner,
1990), GAP43/B50'(DiFiglia etal, 1990§ Campagne et al., 1990), and many others
_have been identiﬁcd and thgir role m learning and memory formation and neural
.growth, development, and ‘organization studied. ‘For a brief rcv_ie@ of these

investigations see Chapter 6.
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w M
Structure  Measurement LvsR Lvs R  Reference
'IMHV ~ Mean length of postsynaptic > =(T) Stewartetal., 1984
thickening _
Synaptic vesicle number per - < >
- unit neuropil
Number of vesicles per synapse - - > (61%)
Presynaptic bouton density . > (22%)
Number of spines - . > (60%)
Size of spine head Co. > Patel and Stewart (1988)
Spine stalk length - & :
LPO Postsynaptic thickening < . > Stewart, 1991
Number of vesicles per unit . >
neuropil o
Number of vesicles per bouton - >
Mean bouton density = =
‘ A M=W

Average bouton volume ‘ - > .
Numerical density of synaptic' < = Stewart et al., 1987
Number of vesicles per synaptic =~ < ' =
bouton -

Figure 1.8 : A summary of major morphological changes in the forebrain of day-old
chick upon passive avoidance training. >, increase in the left structure; <,
increase in the right structure; U, decrease after MeA training; =, absence of

lateralisation; T, increase after training; -, no changes found.
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2-Deoxy-D-galactose, a specific memory inhibitor

For several years a number of laboratories including the Brain and Behaviour Research
Group (BBRG), the Institute of Brain Research in Magdeburg, have been engaged in
exploring the funcﬁon and the role of 2DGal in chick, rat and goldfish brain. Because
of its relevance to some of the work carried out in this project, a brief review of these
2DGal studies is inclﬁded in the introductory section of Chapter 3. Briefly, the results
indicate that fucosylation of glycoconjugates is a concomitant and necessary process in
the formation of long lasting memory traces, and that this phenomenon can be
: specifically blocked' by 2DGal without significantly interfering with all other hitherto

examined neuronal and physiological processes.

Glycolipids and informatidn processing

Glycosphingolipids are assumed to play a specific role in the transmission of
| information and memory formation. Their amphiphilic property allows them to form
complexes with Ca2*. The resulting complex is capable of "'modulating the very local
zone of synaptic contacts following ionic induction and thus facilifating the
transmission of information from one cell to the other" (Rahman, 1984; see also

Wherrett & Hakomori, 1973). This hypothesis stems from a number of reports that are
summarized below:

The sialic acid residue of gangliosides together with those of membrane-bound -
glycoproteins are the main sources of the negative chafge of the cell surface (Nagai &
Iwamori, 1980), making them good candidates for ligand binding. There is indeed
evidence to suggest that some gangliosides act as receptors for hormones and
neurotransmitters (Dette & Wasemann, 1978; Dowson & Stoolmiller 1976; Hakamori,
1981; Flexner & Flexner, 1967; Kanfer & Richards, 1967; Ledeen, 1978; Lee et al,,
1976; Nagai- & Iwamori, 1980; Ochoa & Bangham, 1976). Ganglioside GM1, for .

example, plays a role in hippocampal glutaminergic' transmission, while striatal
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cholinergic transmission is mediéted by polysialogangliosides (Seifert et al., 1986)..
The binding of glutamate to glutamate receptors in the rat brain SPM is mediated by
GM1 in a Ca?* dependent fashion. ‘

The functional involvement of gangliosides is also supported by the finding that
-activation of protein kinases in SPM 'preparations occurs only in the presence of
specific Ca2*-ganglioside complexes (Rahman, 1984). It is assumed that the arrival of
-an impulse at the nerve ending will cause the release of Ca?* from Ca2+-ganglioside
complexes and consequentlyl render SPMs permeable to Ca2*. The highly negatively
charged sialoglycoconjugates in SPMs are shown to parﬁcipate in the displacement of

Ca?* during neural transmission (Seifert, 1986; Tobias, 1964).

Anﬁ-neural ganglioside antibodies have been used in a number of studies and have
resulted in interesting findings emphasising the important role that these antigens play
in neural dcvclopment and plasticity. Savaki (1977) has shown that p‘assiveAavoidance .
learning can be inhibited by applying antiserum raiséd égainst rat brain gangliosides.
Furthermore, the GMl-antibodies used by Karpiak and associa‘tes' (1976 and 1978)
-caused epileptiform spike activity and inhibited a learned avoidance response. They also
reported that their antibbdy specifically inhibited thé consolidation phase of memory but
not the acquisition phase (Karpiak & Rapport, 1979). Antibody to fhe same
ganglioside, administered intraventricularly immediétely after training, was aiso
rei)oned by Rapport et al. (1979) to unpalr learning 'processes (for further discussions
- of nehrobiological function of gangliosides and their role in the 'long”term storage of
information consequent to synaptic transmission see Jirnefelt et al., 1978; Maccioni et

' al., 1974a&b; Rahman, 1984; Rapport, 1981).
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CHAPTER TWO

GENERAL METHODOLOGY

" In order to carry out this project, thaf is, characterisation and identification of
glycoproteins that are involved in memory formation and consolidation, a variety of
laboratory techniques were employed. A few methods are commonly used in most of
the succeeding chapters and, m order 10 prevent repetit_ion, they are described below.
ﬁowever;' where mehtioned later, some modifications to these methods were

introduced.

MATERIALS '

| p-Iodoniu'c'neu'azoliumvviolet (INT), n-octyl-B-D-glucopyfal;loside (0G), glucose,
galAactose,A_a'nd 2-deoxy-D-galactose (2DGal) wéfe -ff'om Sigma Chemical, U.K.
[3H]fucose and [3H]galactose (speciﬁc activity 16.7 Ci/mmol), and [147C]fucose
(specific éctivity 58.7 mCi/mmol) were from Amérsham_fntgemaﬁonal plc, UK.
Lectins Concanavalin A and Ulex Europaeus type I (UEA I) weré bought from Sigma
Chemicals Co. USA, and Sambucus nigra bark -(SNB)Aand Maackia Amurensis
- (MAA) from Boehringer Mannheim Biochemica. Antibodies anti-UEA I conjugated to
horse radish peroxidase was iaought from Dakopatts Denmark, anti-biotin conjugated
to horse radish peroxidase from Sigma Chemical Co. USA, and anti-rabbit IgG
conjugated to horse radish peroxidase from Dakopatts Denmark. Normal goat serum
was obtained from Vector Laboratorics USA. Prestained molecular weight markers

were from Sigma Chemical Co. USA. All other chemicals used were reagent grade.
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METHODS

1. Passive avoidance trair_ling -paradigm

The general paradigm of passive avoidance training was described in chapter one.

Chicks were hatched in our communal brooders and, after approximately 24hr, were

transferred to pens designed to house two chicks at a time. Each pen was illuminated

with a dim red light (25W), and the room was kept at a constant warm temperature

(30°C). Training was preceded by equilibration and pretraining stages. Equilibration

involved pairs of chicks being placed in individual pens, containing a small amount of
chick' crumb, for a minimum of 45m1n This familiarized them with their new"

environment. Psychological stress was assumed 1o have been overcome by the time of .

pre-training,

The pre-training procedure involved presentation of a dry white bead (3mm diameter)
to the birds. The bead was slowly introduc:d to the pen away from the chicks. It was
then moved towards the chicks to enabled them to see it.. The chicks would-
spontaneously peck the bead. No more than 20sec was allowed for each chick to peck.
During this time the behaviour of the chicks was recorded; they either pecked (P),
actively avoided (A), or did not show any response (0) towards the bead. Pretraining
consisted of three such bead presentations, and each time the chick's reactions were
- recorded. Those birds that péckcd at the bead at least two out of three t_imes were used

for the next step.

Two groups of chicks, control and 'experimental, were chosen and trained. Training
followed shortly after and involved presenting the birds w1th a chrome bead (Smm
diameter) Which was coated w1th either water (for the control group) or methyl
anthranilate (MeA) (for the experimental group). After pecking at MeA-beads, chicks
exhibited a characteristic "disgust” reaction by vigorously shaking their head and

rubbing theif beak against the floor. Care was taken to ensure that chicks would form
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a strong association between the taste of MeA and the appearance of the bead. This
was done by holding the bead in front of the chicks for a few seconds after they had
pecked at it. If chicks were to remain in the pen for several hours before being tested;

they were given more food and some water in a small bowl.

For testing, chicks were shown an identical but dry chrome bead for not more than
20sec. In the absence of any interventions 80% of MeA-trained birds avoided the test
bead. With W-trained birds a success rate of 90% was achieved (a schematic diagram

of passive avoidance training and protocol is shown in Fig. 2.1).

2. In vitro incubation of tissue slices 4 »
The in vitro techniqﬁe employed in this pfoject was as follows. After killing the
chicks and removing their m, the forebrains were placed on a few layers of ‘dry.
filter paper on a pre-cooled McIlwain chopper platform. The brain tissue was ‘wetted
with ice cold preincubatibn buffer (see below) and sliced with the McIlwain chopper
set at- 400um thickness (McCabe & Rose, 1985 & 1987). The sliced brain tissue
" together with the filter paper were then transferred en masse tb a petri dish containing
a few milliliters of preincubation buffer and slices were gently separated witl: the aid
of a pair of long and narrow-headed paint brushes. Brain slices were transferred in -
pairs to separate clear plastic vials containing preincubation buffer and left at room
temperature for 15min. At the end of this period 50-100u1 of radiolabelled sugars

were added and the mixtures were transferred to a water bath and incubated at 42°C.

During the two-hour incubation period samples were agitated at about 100 shakes per
minute to insure adequate O,/CO, éxchangg. Both preincubation and incubation media
were N-2-hydroxyethylpiperazinc-N'-2-ethahesulfonic acid (HEPES)-Ringers (pH
7.4) adopted from Dunlop et al. (1975 & 1977) pregassed for 15min. They consisted
of the followixig in mM concentration; HEPES (25), K;HPO4 (1.5), NaCl (118), KCI
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(4.4), MgCl3 (1.3), glucose (12); CaCl; (2.6), and the non-radioactive sugar isotope
(0.020). Both preincubation and incubation buffers were gassed with a N,/O, (80:20
ratio) gas mixture for at least 15min to ensure saturation.. At the end of incubaribﬁ,
vials were quickly transferred to an ice-water mixture, the incubation solution was
drained off and 3ml of fresh ice-cold preincubation solution containing unlabelled
sugar (1mM) was added. The mixture was shaken for a few seconds and the solution
drained off. Remaining droplets of buffers were adsorbed with a piece of filter paper.
This wﬁshjng step was repeated twice more. The unlabelled sugar was added in order |
-to displace [*H]- or [14C]-labelled sugar from nonspecific sites. - -

After transferring the sampleé to Eppendorf tubes, 1ml of ice-cold double-distilled
water was added and samples were homogenised by mild sonication. Small aliquois
of the homogenates were set aside for protein estimation and ra'dioactivity
measﬁmments and the remainder quickly acid hydfolyéed with ice-éold.trichloroacetic
acid (TCA) (20% final concentration). Samples were left on ice for at least 30min and .
then spun at 10.6kg,, in 2 Microcentaure bench centrifuge for 10min. Pellets were
washed twice with water and prepared for gel élecu'ophoresis."l‘he corresponding

supernatants were pboled and kept for radioactivity measurcménts.
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Testing
In TT T2 T3 T In Tt
T 1 T 1 1
Lo %0) O

In = Intervention (e.g. Injection, Lesion)
T1= First pretraining
T2= Second pretraining
T3= Thind pretraining
Te= Test
t = Time

Fig. 2.1 : A schematic diagram of passive avoidance training paradigm and protocol
are shown above. In, intervention (eg. injection, lesion); T1, first pretraining;

‘T2, second pretraining; T3, Third pretraining; Tt, Test; t, time.
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3. Protein estimation

Protein estimations were carried out to calculate the specific activity of samples and
hence the turn-over rate of a radiolabelled agent (e.g., [SH]JFuc), and to .calculatc the
recovery rate of a preparative method (e.g., subcellular fractionation). The procedure
for estimating protein content used Coomassie blue dye (Bradford, 1976) and was

briefly as follows;

A calibration curve was constructed by using krloWn amounts of protein. For this -
purpose bovine serum albumin smnd@ dissolved in double distilled water was used.

A range of solutions, in triplicate, coniained between 0 to 2mg/ml of protein. First to
each Eppendorf tube 30u of a 75mM solution of NaOH was added to solubilize the
protein. Equal volumes of solutions cbntaining different amounts of protein were then
added to the Eppendorf tubes. To these mixtures 500yl of Bradford dye was added,
and after a few minutes, 3x100ul of each solution were transferred to ELISA plates
for absorptibn measurement which was carried out at 595nm. The first vertical column

'in each ELISA plate was filled with distilled water (DDW) to standardize inter-plate - -

reading.

Bradford dye was made by adding‘IOOml of H3PO4 to 50ml of ethanol solution that
contained 5ml of DDW and 100mg of Coomassie brilliant blue G250. The volume of
the mixture waS adjusted to one litre and the resulting solution filtered and stored at
| 4°C. A calibration graph was constructed and used to estimate the protein content of
test samples. A similar procedure to that described above was used to prepare sample
solutions. In gencrai, a protein content of 9-18g/ml gave satisfactory results since a
protein content above 20ug/ul téok the absorption:protein concentration relation

beyond the range of linearity.
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4. Delipidation
Lipid extraction was carried out after homogenisation of tissue samples. This was

done by a simple ethanol, methanol:chloroform, ethanol procedure.

I. About 1mg of protein was dissolved in 1ml of ethanol, and spun at 12.81(gnrlax
10krpm for 10min in Beckman J2-21 eentrifuge. The supernatant was set aside and

the pellet carried to next step.

II. The pellet was mixed with 1ml of methanol:chloroform (2:1, v/v), and spun-at
28kgw 15krpm for 20min. The supernatant was again retained and the pellet was
washed once more. The supernatant was added to previous pool.

III. The pellet was finally mixed with 1ml of ethanol and spun as before. The

supérnatant was added to the pool and the pellet retained for analysis.

IV. The pools of supernatants were transferred into scintillation vials and air-dried in a
fume cupboard overnight. One ml of water and 8ml of scintillant (Emulsifier-safe™,
Packard) were added to the pellets and the radioactivity was measured in a Beckman

LS.1710 scintillation counter at an efficiency rate of 80%.

5. SDS-Polyacrylamide gel electrophoresis

- One-dimensional and two-dimensional reducing gel electrophoresis were carried out
using the techniques described by Laex‘nmli (1970), O'Farrell (1975), O'Farrell et al.
(1977), and Rodnight et al. (1988). | |

5.1. One dimensional gel electrophoresis : Two different sets of apparatus
were used throughout this project, a Mighty Small™ apparatus (Bio-Tech, Slough)
and an LKB polyacrylamide gel running apparatus. Some modifications of the latter

‘set-up were introduced. For example, an outlet tap was fitted to the upper tank to



Chapter 2: General Methodoloy .69 |

facilitate the exchange of the upper tank buffer during the running of the second
dimcnsioﬂ (sée below). Further more, in order to economize on the use of buffers, a
smaller upper tank was designedi that held not more than 450ml of soluﬁon without
affecting the quality of gel running.(see Fig. 2.2a). Also, a large gél caster was made
in which four slab gels were made at a time (see Fig. 2.2b). A large gradient gel maker
purchased from Biorad was used for makmg linear gradient gels.
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Fig. 2.2a: A schematic diagram of the electrophoreSis equipment..
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. Figure 2.2b : A schematic diagram of the gel caster making four gxadient gelsata

time.
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To run the protéin samples on a gel, they were first TCA-precipitated and washed
twice in double distilled water (DDW) to remove excess acid (see above). Laemmli
buffer was added the peﬂc;s to give a solution containing 1mg/ml of denatured protein.
The solution was loaded onto the gel slab using a Hamilton syringe, and the gel run at
20mA constant current overnight. At the end of the electrophoresis, gels were stained
with methanol:acetic acid:water (40:10:50 v/v) containing 0.1% Coémassie blue R-
250. Gels were then destained, first in stain solution without the dye, and then in 10%
acetic acid solution. This would destain and rehydrate the gels.

To make 100ml of LLaemmli buffer the following reagents were used; glycerol (20ml),
' 2-B-mercaptocthanol' (10ml), SDS (30ml of 20% solution made in DDW),
bromophenol blue (BPB) (Sml of 0.1% solutjon made in DDW), stacking gel buffer
(25ml), and water (10ml). The stacking gel buffer consisted of Tris buffer (0.5M, pH
" 6.8) containing 0.4% SDS. The resolving gel buffe‘r consisted of Trié buffer (1.5M,
PH 8.8) contaihing 0.4% SDS. The electrophoresis running buffer consisted of a tris
buffer (25mM, pH8.3) containing 192mM glycine and 0.1% SDS. 10-Fold

- concentrated stdck solutions of these buffers were made.

To make 100ml of stacking gel solution following reagents were used; 13.3ml of 30%
acrylamide, 27.8ml of stacking gel buffer, 1ml of 10% .SDS, 0.15ml of N, N*-
A mcthylenebisacfylamide and N, N, N, N'-tetramethylethylenediamine (TEMED),
56.1ml of DDW, and 2ml of 10% ammonium persulfate (APS). To make a linear
‘gradient gel 5% and 15% reéolving buffers were made. The former solution consisted
of, in 100ml, lé.Sml of 30% acrylamide, 32ml of resolving buffér, 2.6ml of 10%
SDS, 0.15ml of TEMED, 48.ml of DDW, and 0.15ml of 10% APS. The latter
solution consisted of, in 100ml, 50mi of 30% acrylamide, 32ml éf resolving buffer,
2.6ml of 10% SDS, 0.3ml of TEMED, 15ml of DDW, and 0.15ml of 10% APS.
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5.2. Two-dimensional gel electrophoresis : 2-D SDS-PAGE was exclusively

carried out in Chapter 6 and is, therefore, described there.

6. Subcellular fractionation: Preparation of synaptic élasma membranes
and postsynaptic densities '

The methods for the preparation of synaptic plasma membranes (SPMs) and
postsynaptic densities (PSDs) were based on the procedures described by Murakami et
al. (1986) and Gurd et al. (1982, 1983).

SPM isolation : Chick forebrains were removed rapidly and placed in ice, and
either processed individually or combined, depending on the design of thé experiment.
Unless mentioned otherwise, the entire procedure was carried out at 4°C. The wet
weight of each sample was recorded before homogenization in a teflon-glass
homogenizer. This was done by placing the samples in glass homogenization tubes
containing 0.32M sucrose in 2mM HEPES (10% v?et weight/v), and homogenising at

- 700rpm, for seven up-and-down strokes. An aliquot of the homogenate was set aside.

The homogcnates were spun at 1kgnyax 3krpm for 5Smin, and the pellet (P1) (tissue .
debris and nuclear fraction) washed once in 'thc same manner. Th; resulting

supematants (cell ﬁ'agmenfs, synaptosomes and mitochondria) were pooled and spun

at 15kgmax 11krpm for 20min. The pellet (P2) (crude mitochondria) was washed

twice in the sucrose buffer to remove microsomal contamination (Gurd et al. 1974). It

was then resuspended in lysis buffer (50mM Ca2+ in 5mM Tris, pH8.1) (10ml/g wet

weight tisspe) by glass-teflon homogenization, and left on ice for 30min. The mixture

was centrifuged at 120kg;,, 25krpm fof 20min and to the pellet 3ml/g tissue of

freshly made p-iodonitrotetrazolium violet (INT) and 1.1ml/g tissue of 0.2M sodium

phosphate buffer (pH7.4) were added.
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The mixture was homogcnise-d‘using a teflon-glass homogeniser and incubated for
30min at 25°C. The amount of INT used to precipitate the mitochondria is critical since
excess INT can precipitate membrane ffagments as well as mitochondria and hence
reduce the final yield; too little INT, on the other hand, causes an increase in

mitochondrial contamination of membrane fractions (Nietq-Sampedro et al., 1981).

At the end of incubation, the lysate was centrifuged at 70kgmax 20krpm for 15min,
using a Beckman high speed centrifuge machine with an SW28 swing-out rotor. The
pellet was washed once in 0.16M sucrose buffer containing 2mM HEPES (pH7.4).
The rcsulting pellet was resuspended in 0.25ml lysis buffer/g tissue using a glass
homogeniser. To the homogenate, 2.3ml of 48% sucrose, containing 2mM HEPES
(pH7.4)/g tissue was added and mixed well. The homogenate was transferred to
* polyallomer tubes and overlaid with a solution of 28.5% sucrose containing 2mM

HEPES (pH7.4). The gradient was centrifuged at 120kg 4 25krpm for 75min.

The SPM layer was removed from the interface between the two sucrose solﬁtions and -
washed in 50uM Ca2* (120kgpqey 25krpm, 20min), and resulting pellet was
resuspended in SOUM Ca2* (1.2ml/g wet weight of tissue). The pelleted mitochondria

formed during gradient centrifugation were retained for analysis.

PSD isolation : PSDs were prepared from SPM fractions. A mild non-ionic
detergent, n-octyl-B-D-glucopyranosidé (0.G.), at 0.7% (w/v) final concentration was
used in a two-phase partitioning procedure. The immiscible pblyethylene glycan
6000/dextran TS00 gradient was made up as follows; In 5g total wcight of gradient,
1ml of 20% polyethylene glycan,.1.2ml of 25% dextran T500, 1.32ml Ca2+ (50uM,
made in DDW) 0.4ml NaHCO; (0.5M), and 80ul O.G. were added to 480ul of SPM
solution (having a concentration of 1.5-3mg/ml). The mixture was vigorously mixed

on a vortex mixer and centrifuged at 2.3kgmax 3.5krpm for 7.5min. The PSD ring
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was removed from the interféce, transferred into Eppendorf tubes, and washed in
50mM TBS (pH7.6), SOUM CaZ* (10.6kgm,x in a Microcentaure bench centrifuge for
10min). The PSD pellet was resuspended in the same buffer (0.24ml/g wet weight of

tissue).
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CHAPTER THREE

2-DEOXY-D-GALACTOSE AND CHICK BRAIN
FUCOSYLGLYCOPROTEINS

INTRODUCTION

2-deoxy-D-galactose (2DGal) wheri cionverted‘into its nucleotide derivative UDP-
deoxy-D-Gal inhibits. fucosylation (Schwarz and Datema, 1982 and Biichsel et al.,
1980). The absence of a hydroxyl gronp at the C-2 position of 2DGal specifically
blocks -the formation of (x¢1->2) L-fucosyl linkage.by PB- -galactoside(al-
2)fucosyltransferase (Bretscher and Raff, 1975 and Morre et al., 1979) (see Diagram
3.1 for 2DGal and fucose structures). The metabolic route of 2DGa1 conversion is
known as the Leloir pathway. In their study on rat liver Biichsel et al. (1980) fouhd
that in vivo 2DGal inhibited galactose incorporation into glycoproteins without
affecting protein synthesis, and that 1hr after the injection of [4C]2DGal the lével of
UDP-glucose and UDP-galactose decreased by 50%. Smith and Kepblcr Q977)
. investigated the metaboliém of 2DGal in a hepatoma cell line and found 99.3%
conversion of [14C]2DGal to [14C]2DGa1 1-phosphate, and only 0.4% to [14C]UDP-
2DGal and UDP-2-D- glucose

As will be pointed out below, 2DGal when administered at the time of training induces
amnesia both in rat and chick. It may be thought that 2DGal could induce it effect via
uridylate trapping rather than directly competing w1th Gal. However; in a.report by
Schmidt et al. (1989), 2DGal, at amnesia-inducing doses, was found not to trap
uridine phosphates in the rat brain. These results were interpreted by the authors to
indicate a more épeciﬁc metabolic effect of this sugar derivative being responsible for

its amnestic action. 2DGal does not affect the activity of fucosyltransferase or other
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Diagram 3.1 : The ririg Struptures of fucose and 2-deoxy-D-galactose.
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transferases activity for the incorporation of their sugar substrates into carbohydrate

chains of glycoconjugates (Biichsel et al., 1980).

2DGal is thought to require the enzyme galactosyltransferase for the formation of ﬁw
pre-terminal glycosidic linkage. Several transferases have already been identified in
different systems including the CNS, and localized at the synaptic junction (Rostas et
al., 1981; Sadler, 1984). The presence of galactosyltransferase at the synaptic junétion
suggests that in siru posttranslational modification (PTM) may take place almost
immediately after the administration of 2DGal into the brain, thereby inhibiting
fucosylation. However, the limited amount of epimerisation of 2DGal-1-phosphate to
2DGlc-1-phosphate (Starling and Keppler, 1977) would ensure that the remaining
2DGal in the brain will becomﬁ incorpbrafed into the nascent glycoproteins destined

for membrane integfation (mainly SPM and PSD) sometime later.

The inhibition of fucosylation by 2DGal in rat hippocampus was investig.ited by Jork
et al. (1986). they found that immvenuicular injection of 2DGal showed both dose-
and time-dependent effects in the reductioh of the rate of fucosylation. Retention
performance of animals in a foot shock-motiv;ated bﬁghﬁess discrimination task was
considerably impaired following 2DGal injection either before or immediately after
training (Jork et al., 1986). It was concluded that "an effective metabolic inhibition of |
glyéopfotcin completion by 2DGal at the time of training is crucial to interfere with
morphological alterations in the neural network underlying the formation of a memory
trace” (Jork et al., 1986). A direct link between inhibition of fucosylation and the
amnestic effect of 2DGal was later reported by Jork and associates (1989). They
found that the training induced iﬂcreased [3H]fucose incorporation in rats was blocked
by amnestic dose of intrahippocampal 2DGal injection. Similar results have been
reported in studies involving passive avoidance training in chicks. An intracerebral

injection of 2DGal (20pumole) just before or after training produced lbng—lasting
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amnesia (up to 24hr), whereas 2DGal injections 4hr before or 3hr after training had no
effect (Rose and Jork, 1987). There was a significant (26%) drop in glycoprotein
-fucosylation in the forebrain within 3hr after passive avoidance traininé Simultaneous
injection of galactose abolished the amnestic effect of 2DGal. This was expected since
they are thought to compete for the same transferase for their incorporation into
oligosaccharide chai_ns. Furthermore, simultaneou§ injection of either fucose, 2-
deoxy-D-glucose (2DGIc), or glucose with 2DGal did not stop it from causing
amnesia. This is because these sugars use differem processing enzymes and,

consequently, have no effect on 2DGal incorporation (see also; Biichsel et al., 1980).

The effect of 2DGal on long term potentiation (LTP) has also been investigated. LTP
is a widespread neuronal phenomenon regarded as a mnemonic device in the
mammalian brain. Results from a study of the effect of LTP induced ir rat
hippocampus through tetanization of perforant path on fucose incorporation showéd
no significant difference between control stimulated tissues and LTP induced
prepa_rations (Pohle et al., 1986). However, a consistent and significant elevation of
fucosylation in hippocampal areas CA1 and dentate of LTP induced brains were seen.
Recently, the. effect of inhibition of protein fucosylation on LTP was investigated
(Krug et al., 1991). Two models of LTP, one in freely moving rats, the other in
hippocampal sections, were used-and in both 2DGal was found to inhibit the second
phase of LTP, known as maintenance, without interfering with the first phase,
induction, and synaptic transmission, ;r spike generation. Therefore glycoproteins are
thought to be crucial to the maintenance of LTP as well as in long term memory

consolidation.

The mechanism of ‘action of 2DGal has been studied in a Garcia-type training
paradigm (Barber et al., 1989). Here, too, protein fucosylation was found to be

necessary for the non-Pavlovian formation of long term memory trace (that is,
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temporal discontiguity between conditional and unconditional stimuli). Chicks made
 sick by intraperitoneal administration of lithium chloride (LiCl) sometime (about
30min) after peaking at a dry bead avoidcd_ii in future encounters. Their avoidance
was specific to the dry bead since they did not avoid an LED lit bead presented to them
at the time of testing. However, when they were given an intracerebral dose of 2DGal
about 10min before training chicks did not avoid the test bead when they encountered
it for the second time. It was therefore argued that chicks must form a memory trace
for every novel stimulus for at least 30min; this then became associated with the
experience of LiCl-induced sickness, resulting in their avoidance of the test bead |
subsequently. This memory trace is said to be dependent on fucosylatioh of neural cell

membrane glycoproteins.

The specificity of the mechanism of action of 2DGal was tested for state'-dependéncy.
A number of drugs that have been used to induce behavioural alteration are.state
. dependent. For example, amnesia induced by intraperitoneal injection of anisomycin in
trained chicks is abolished .when it is injected before testing (Patterson et al., 1989). In
their study,Baiber and associates (1990) tested 2DGal by administering the sugar
analogue, once to induce amnesia -10min before training- and again 10min before
tcsting.the' birds on the sickness-induced learning task. Four groups of birds were
. chosen; group (a) receiv%d, chronologically, 2DGal and saline, grbup (b), 2DGal on
both occasions (test group), group (c), saline on both occasions ("pure control”
group), and group (d) saline and ZDCal. No state dependency effect was recorded
since groups (a) and (b) both became amnesic whereas the remaining two groups
avoided the test bead. It can, therefore, be concluded that 2DGal exerts its amnestic
effect via inhibition of fuéosylation, and that once mnemonic relevant
fucosylglycoproteins are converted into 2-deoxy-D-galactosylglycoproteins the

amnesia is immortalized.
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Thus, results from a large many behavioural paradigms and from LTP experiments
indicate that fucosylation of glycoconjugates is a necessary process for the formation
of long term memory, and that this process can be specifically inhibited by 2DGal. It
was the aim of the work described in this chapter to gain more insight into the
mechanisms through which this inhibitor exerts its role and to identify the proteins of
chick CNS whose fucosylation is inhibited by 2DGal. The first sections investigate in
vitro and in vivo characteristics of 2DGal action, and the last section conceﬁtratcs on
fucosylglycoprotein identification using subcellular fractionation and electrophoretic

analysis.

MATERIALS

See chapter two for details of materials used in this study.

METHODS »
The role of 2DGal in inhibiting the incorporation of its analogue Fuc and Gal with

which it shares the processing enzymes for its incorporation, was studied both in

vitro and in vivo

The in vivo study

Day-old chicks were pléced in pairs in individual pens and aftér 1hr they received
either, bilateral intracerebral (ic) or, intraperitoneal (ip) injections. For the ic injections
20ul of sugar solutions of various concentrations were made in saline and
administered into each hcmisphére. The head-holder used in our lab was modified to
accurately deliver solutions into IMHV. The part containing the "syringe tunnel” was
made of one inch thick perspex (see Fig. 3.12). For the ip injections 200ul of saline-

~ diluted sugar solutions of various concentrations were used.
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The in vitro incubation of tissué slices

The in vitro technique used here was essentially as described in the Chapter 2

Delipidation
In order to obtain an accurate measure of substrate incorporation into proteins lipid
extraction was carried out after homogenisation of tissue samples. This was done by a

simple ethanol, methanol:chloroform, ethanol process as described in Chapter 2.

Subcellular fractionation and gel electrophoresis
Afier the preparation of subcellular fractions their protein contents were measured and
the rest of samples solubilised in Laemmli Buffer and run on a 5-15% gradient gels.

These were carried out essentially as described in Chapter 2.

About 35 Coomassie blue R-250-bands stained, were cut out from each gel lane, and’
dissolved in 2ml of Protosol (NEN Research Products). After 24hr, 1ml of water and
8ml of scintillant. (Eﬁlulsiﬁer-safem, Packard) were added and their activity cbumed in
a Beckman LS.1710 scintillation counter at an efficiency rate of 80%. Water was

. added to reduce chemiluminescence.

RESULTS

- Leucine and fucose incorporation into proteins in vitro

The incorporation of [14C]leucine (11Ci, 2.87 nmoles) in 2ml incubation medium was
assessed using various concentrations of unlabelled amino acid (0.01-10mM). Each
‘concentration was ihcubatcd in duplicate. Tissue slices were preincubated for 15min
and incubated for 1hr. The results are shown in Fig. 3.1a&b. As was expected the
uptake of labelled leucine was inhibited by its unlabelled analogue (more than 90%

competition was achieved in this system at 10mM concentration).
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~Labelled leucine incorporation (dpm/mg Protein/hr)

Leucine concentration (LM)

Fig. 3.1

Figure 3.1 : The incorporation of radiolabelled [14C]leucine into TCA insoluble
material in the presence of a range of unlabelled leucine in vitra.
Two samples were used under each condition, and each point on the curve is the
average of the two. Corresponding values differed from each other by not more

than 5%.
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The incbrporation of [3H]fucose (5uCi, 0.3umole) and [!4C]fucose (1uCi,
0.017umole) were assessed in the presence -of a range of unlabelled fucose
concentrations (0-100mM). Up to 95% competition was observed under thg;se
conditions (see Fig. 3.2a-d). When different amounts of [3H]fucose (0.5-10uCi/2ml)
were used in the presence of either OmM or 1mM unlabelled fucose, the incor'porau'on
of the labelled isotope dropped by some 75-80% in the latter condition (see Fig. 3.3). -

2-Deoxy-D-galactose inhibition of galactose and fuéose incorporation
The in vitro study : Having established the in vitro system described above, the
effect of 2DGal bn the incorporation .of fucose and galactose was examined.

A range of 2DGal concentrations (O-IOOmM) were used to inhibit the uptake of
"[3H]galactose (10pCi/2ml, 1.45umoles) and [3H]fucose (10pCi/2ml, 0.6umoles) in -
vitro. Four groups each consisting of 5 chicks were used in this study. At ImM,
2DGal signiﬁcantly inhibited galactose incorporation. As shown in Figs 3.4a&b,
2DGal inhibited fucose and galactose uptake in adosé-dependent manner. The
incorporation of fucose dropped significantly (by about 17%) at ?1 2DGal concentration
of 10mM (Fig. 3.4a). |

- The in vivo study: A range of 2DGal concentrations was used to examine
inhibitioﬁ of galactose and fﬁcose' ihcorpbration in vivo. Sﬁch data is more useful
when dcsigningAbehavioural experir.ncms. In a 'ga1>actose/2DGa1 study, 20pCi of "
[®H]galactose [2.9nmoles/40ul of saline containing either unlabelled galactose ( lmM) |
or 2DGal (1mM)] were injected bilaterally into the IMHYV, using the head holder. Four
hours later the incdrporatioh ;)f labelled galactose into chicks' forebrains was
analysed. As shown in Fig. 3.5 2DGal at 1mM concentration inhibited the

-incorporation of [3H]galactose by 73%.
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Labelled fucose incorporation (dpm/mg Protein/hr)
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Fig. 3.2b

TCA insoluble material in the presence of a range of unlabelled sugar in vitro.
Two samples were used under each condition, and each point on the curve is the

average of the two. Corresponding values differed from each other by not more

than 5%.
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Labelled fucose incorporation (dpm/mg Protein/hr)
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Figure 3.3 : The incorporatjon fatc of [3H]fucose into TCA insoluble material in

vitro.

Each incubation medium contained different amount of [3H]fucose. Two

samples were used under each condition, and each point on the hostogram is the
mean of the two. Corresponding values differed from each other by not more

than 5%. Half the samples were incubated in the presence of 1mM unlabelled
fucose (light shaded bars).
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Labelled fucose incorporation (dpm/mg Protein/hr)
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Figure 3.4a : The incorporation of [3H]fucose into TCA insoluble material in the
presence of a range of 2DGal concentrations in vitro.
Four samples were used under each condition, and each point on the histogram
is the mean of the four with s.e.m. bars. * p<0.002; ** p<0.001 (Students t.

test)
Labelled galactose incorporation (dpm/mg Protein/hr)
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Figure 3.4b : The incorporation of [3H]galactose into TCA insoluble material in the

presence of a range of 2DGal concentrations in vitro.
Four samples were used under each condition, and each point on the histogram

is the mean of the four with s.e.m. bars. * p<0.010; ** p<0.001 (Students t.

test). -
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The inhibition of fucose uptake by 2DGal was also studied using both in.tracerebral
and intrapcritonéal injection. Three chicks were used in each group and various
concentrations of 2DGal used té assess the its characteristics of inhibition. Contrary to
the in vitro experimenfs, when the substrates were administered simultaneou.sly
2DGal failed to show detectable inhibition of fucose. If, however, fucose injection
was delayed by 1hr after the injection of 2DGal, detectable inhibitions occurred. When
administered intraperitoneally, the incorporation of fucose dropped by 22.5% and
84.2% in the presence of 48umoles/40g body weight (240mM injection solution) and
750pmoles/40g body weight (200ul of 3.75M injection solution) of 2DGal
respectively. Less inhibition was observed when the subs&ates were administered
intracerebrally. 2DGal inhibited [14C]fucose incorporation (2.5uCi, 42.5nmole/ '
Sul/hemisphere) by 23%, 33%, and 40.7% at 20pumoles, 50pumoles, and 100pmoles
respectively (see Fig. 3.6 and Fig. 3.7). | '

Analysis of gly:fcoproteins by gel electrophoresis y

Results from the above experiment suggested that detailed analyses of chick brain
fucosylated and galactosylated proteins were feasible since 2DGal in vivo and in
vitro was’fouvnd to compete with fucose and galactose in a dose-dependent manner,
and the degree of competition was relatively large. In a number of experiments,
therefore, forebraip slices were incubated for 3hr in the presence of labelled sugars.
The duration of incubation was based on results from earlier studies in which labelled
leucine was used to measure the rate of protein synthesis in vitro. Incorporation of

leucine increased in a linear manner for the first 3hr and beyond this time-point it

* started to drop‘.
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Labelled galactose incorporation (dpm/mg Protein/hr)

6000
5500
5000
4500

"'-|'|"'|-'-|1|v‘v|'|'

1500 T
:';. Yy 7 //’J ,/,/ .'I/ 7]
wp 72 .
3H-Gal (saline) 3H-Gal+2DGal 3H-Gal+Gal
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Figure 3.5 : The incorporation of {3H]galactose into TCA insoluble material in the

presence either 20pmoles of 2DGal or galactose in vivo (with intracerebral
injections).
Three birds were used under each condition, and ¢ach point on the histogram is

the mean with s.e.m. bars.
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Labélled fucose incorporation(dpm/mgProtein/hr); ipt1lhr
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Figure 3.6 : The incorporation of labelled [3H]fucose into TCA insoluble material in

the presence of a range of 2DGal in vivo (with intraperitoneal injections eiicr

given simultaneously (480*umoles), or with an hour lapse between 2DGal and
. fucose injections (48, 480, and 750pmoles)).

Three birds were used under each condition, and each point on the histogram is

the mean with s.e.m. bars.
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Labelled fucose incorparation (dpm/mg Protein/hr)
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Figure 3.7 : The incorporation of [!4C]Fuc into TCA insoluble material in the

presence of a range of 2DGal in vivo (with intracerebral injections).
The injection of 2DGal preceded that of fucose by 1hr. Three samples were used
under each condition, 'and each point on the histogram is the mean with s.e.m.

bars.
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In each study two groups of samples were used, one incubated in the presence of
100mM 2DGal (test) and one in the absence of the inhibitor (control). The rate of
sugar incorporatioh was mcasure;d by incubating samples in the presence of labelled
fucose and galactose. After incubation a small aliquot of each homogenate was taken
for total brain glycoprotein analysis and the rest of the homogenates were fractionated
into SPMs and PSDs. In order to increase the yield, one untreated carrier forebrain
was added to each sample before subcellular fractionation. Figs 3.11a&b show
representétivc electron micrographs of SPMs and PSDs obtained from these studies.

Between 5-10% cross-contamination was visually observable in this type of

preparation.

Representative electrophoretic patterns of proteins and g_lycoproteins of homogenate,
SPM and PSD samples are shown in Fig. 4.3c. Figs. 3.8;1&b show representative
activity traces of gel tracks containing SPM (Fig. 3.8a) and PSD (Fig. 3.8b) samples.
Various bands were then grouped together and relative molecular weight of each
resulting peak measured. In order to make incorporation rates comparable, activity
counts from each sample were standardized per unit weight of corresponding material
~ before solubilisatién in laemmli buffer. A histogram of activity (incorporation rate)

against relative molecular weight was plotted for each sample.

DISCUSSION

Results from leucine and fucose incorporation studies indicated that the in vitro
system was sensitive to small changes in concentration of unlabelled substrate.
Incorporation of labelled leucine .fcll by more than 60% in the presence of only 100pM
concentration of unlabelled amino acid, and that of [14C]fucose fell by 50% at 10uM
and 90% at 100uM concentrations of unlabelled sugar. A similar range of drop in the

incorporation of fucose was observed when [3H]fucose was used (some 60% at
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100uM concentration of unlabelled sugar).

2DGal inhibition of fucose and galactose incorporation was concentration-dependent
both in vivo and in vitro. The greater fall in incorporation rate of galactose in viiro
when compared to that of fucose (91.3% & 44.4%), was as expected since 2DGal
diréctly competes with galactose for the same site in the carbohydrate chain but only
competes indirectly with fucose for glycosidic linkage processing. In vivo, at lmM
(20nmoles/20ul/ hemisphere) 2DGal inhibited galactose incorporation by over 75%,
when injected intracerebrally (Fig. 3.5). However, inhibition of fucose proved to be
more problematic, in that 2DGal did not show detectable inhibition when chicks
received fucose and 2DGal simultaneously, a phenomenon seen regardless of the
mode of injection (ie. intrapeﬁfoneal or intracerebral injections). However, Whe;l
administration of fucose was delayed by lhr, 2DGal showed a concentration-
dependent inhibition (Figs. 3.6 and 3‘.7). At 10pumoles/20l/hemisphere, the amnestic
dose, 2DGal showed 25% inhibition of labelled fucose [85nmole of [14C]fucose
(51Ci)/10ul/hemisphere]. Inhibition of this degree of fucosylation leading to amnesia‘
- suggests that only a subset of these glycoproteins are directly involved in i)rocesses

involved in memory formation and consolidation.

Figs. 3.9a&b show results of an experiment in which in vitro fucosylation and
galactosylation of forebrain proteins were studied in the presence and absence of
2DGal. Seven major glycoprotein components were recognised in samples obtained
from TCA precipitable material before subcellular fractionation. They were, in |
descending order of molecular weights, 160-180, 110-120, 65-84, 55-60, 48-50, 36-
40 and 26-30kD. Consistent with results from the previous section, 2DGal showed a

larger degree of inhibition to galactose incorporation than to fucose.
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- Figure 3.8 : Representative patterns of the specific activity of protein bands obtained
from SPMs (a) and PSDs (b).

Samples were run on 5-15% gels and stained as described in Chapter 2. Stained
components were sliced from the gel lanes and their activity counted. The
activities of bands falling under each peak in the above graph were combined to
provide a more simplified pattern of these proteins for analysis (see Figs. 3.9
and 3.10). Filled circles, [3H]fucose incorporation in the absence of 2DGal;
empty circles, [3H]fucose incorporation in the presence of 2DGal.
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When analysing fucosylglycoprotcins of subcellular fractions in vitro, 7 major protein
components were fecognizcd in SPM and 10 in PSD samples. Fucosylation of these
glycoproteins was found to be inhibited by 2DGal (Figs. 3.10a&b). Major
fucosylglycoprotein components of SPMs were, 160-180, 110-120, 100, 65-84, 48-
55, 36-40 and 26-30kD. And major fucosylglycoproteins of PSDs were, 160-180,
130, 110-120, 100, 65-84, 55-60, 48-50, 40, 36 and 26-30kD.

Results from the gel electrophoresis study are only a first step towards a detailed
identification and characterisation of fucosylglycoproteins involved in memory
formation. Analysing of the protein pattcn:xs of total TCA precipitable material
recognised seven components (see results). 2DGal mainly inhibited both fucosylétion
and galactosylation of high and medium raﬁgc glycoproteins in vitro. Further more,
there was élarger degree of glycosylation inhibition between galactose and 2DGal than
fucose and 2DGal (Figs.' 3.9a&b). However, compared with in vivo, in most in
vitro systems there is less low molecular weight protein synthesis (and possibly
posttranslational modification). Thus iﬁ her study, Bullock et al. (1990) investigated -
chick brain glycoproteins in vivo. Eight major protein components were recognised 'in
total TCA precipitable material. They were, 150-180, 100-120, 62-84,' 55, 50, 41, 33
and 28kD. These components are, however, comparable with those reported here

especially, with those of high molecular weight.

The subcellular distribution of fucosyiglycoproteins showed that although the pattern
in SPMs was similar to that in total TCA insoluble material, a different pattern,
containing more protein componénts, was recognised in PSDs (see results). This may
be due to the existence of glycosylation processing enzymes at both sides of synaptic
junction which makes Vindependent protein glycosylation at pre- and post synaptic sites
possible. Therefore, there may be different sources of glycoproteins in SPM and PSD
fractions whose fucosylation is inhibited by 2DGal.
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Labelled fucose incorporation (dpmyhr)
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Fig. 3.9a

Figure 3.9a : A representative pattern of fucosylated glycoproteins in the absence
(dark shaded bars) and presence (light shaded bars) of 2DGal. ‘

Each result is the mean of 5 measurements with sem bars. As can be seen 2DGal

exerts its influence mainly on the medium and higher molecular weight

components in vitro. * p<0.01; ** p<0.001
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Labelled galaciose incorporation (dpm/hr)
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Fig. 3.9b

Figure 3.9b : A representative pattex.'n_ of galactosylated glycoproteins in the absence
(dark shaded bars) and presence (light shaded bars) of 2DGal.

Each result is the mean of 4 samples with s.e.m bars. * p<0.05; ** p<0.01
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Labelled fucose incorporation into SPMs (dpmvhr)
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Fig. 3.10a

Labelled fucose incorporation into PSDs (dpmy/hr)
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Figure 3.10a&b : Patterns of fucosylated glycoproteins in the absence (dark shaded
bars) and presence (light shaded bars)of 2DGal obtained from SPM (a) and PSD

(b) fractions of day-old chick forebrain.

Each result is the mean of 2 samples: The corresponding values differ from each

other by not more than 5%.
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The relative degfec of inhibition of galactose and fucose incorporation by 2DGal for-
corresponding protein components' was different (Figs. 3.9a&b). This is a reflection
of the differcﬁ_t distribution of galactose and fucose in oligosaccharide chains_éf
glycoprotcins; It is known that a large proportion of fucose molecules are linked with
N-acetylgalactosamine, a situation unaffected by 2DGal. Further, not allgalabtose

molecules in oligosaccharide chains are linked with fucose through a1-2 glycosidic

linkages.

These results indicate that the mechanism of action of 2DGal is similar in both in vitro
and in vivo, and thét it spcéiﬁcally competes with galactose for incorporation into
" oligosaccharide chains of glycoconjugates, thereby inhibiting fucose linkage formation
* to oligosaccharide chains of glycoproteins. These results are iq agreement with those:

- of Bullock et al. (1990) showing that the electrophoresis patterns obtained from 2DGal
labelling are similar to those obtained after fucose labelling of MeA-trained birds.

: Those glycoproteins that show training related increased fucosylation now nécd to be

identified and characterised.
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Figure 3.11 : Electron micrographs of synaptic plasma membranes (panel a) and

postsynaptic densities (panel b). Arrows point to the membrane fractions.
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Syringe sleeve ———»

Sponge pad

Figure 3.12 ;" A schematic diagram of tﬁe modified head-holder used for intracerebral

injections.
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CHAPTER FOUR

INVESTIGATION OF CHICK FOREBRAIN PROTEINS THAT SHOW
- CHANGED FUCOSYLATION DURING MEMORY FORMATION

INTRODUCTION
General Findings
- The biochemical properties of glycoproteins and their role in coghitive processes were

briefly described in chapter 1. In this chapter the specific role of fucose and

fucoSylated glycoproteins in memory processes is investigated.

The fuhctional{ role of the carbohycirat‘c moieties of cell surface glycoprbtcins has been
studied in many laboratories and it has become clear dﬁt they are iinportant in cell-cell
- rccoénition processes during differentiation; develépmcht, axonal guidance, dehdritic
-growth and synaptogenesis. The oligosﬁccharide gfodps; of sﬁapﬁc glycoprdteins are
' -érientated towards the ,synabﬁc cleft, so that changes in sugar cdmposition cause
alterations in the molecular Structurc of this microenvironment. The physical
dimensions of complex, N-linked oligosaccharides are such that they presumably
cover a large pé.rt of the membrane surface area, thus theoreticallyl enabling them to
interact wi;h carbohydrate chains of opposing membranes (Gurd, 1989). These
changes to oligosacchaﬁ.de chain structures would require the presence éf
glycosylating»and/or deglycosylating enzymes. A number of membrane-bound
processing enzymes have actually been identified at these sites. Changes in
~oligosaccharide composition can occur both pre- and postsynaptically, and
independently from each other (see Chapter 3). Protein synthesis taking place at either

sides of the synaptic cleft has already been documented (Bullock et al., 1990).
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Polyribosomes have been identified in dendritic spines and their activity has been
measured. It increases during the period of synaptogenesis (Steward and Falk, 1985
and 1986) and also during stimulation, for example, in rat visual cortex as a result of

exposure to corhplcx and enriched environments (Greehough etal, 1985).

There is a large body of literature concerning the role that membrane-bound
fucosylated glycoproteins play in memory processes. The rise in fucose incorporation
during memory formation and consolidation, for example, has been observed in rat

and chick brain [eg., Burgoyne & Rose, (1980); McCabe & Rose, (1985); Jork et al.,
(1989). | |

Whilst chicks that have undérgone passive avoidance training avoid pecking at the.
bead' for several days, the increase in [PH]fucose incorporation is reported to last only
for aboﬁt 48hr (Burgoyne & Rose, 1980). This rﬂay be due to several factors such as
rapid turnover of the relevant glycoproteins. Margolis and Margblis (1975) observed a
biphasic turnover rate modality for the polypeptide backbone of glycoproteins. The
rapid phase could last up to 6 days, and then the slow rate would generally start from

the second week and last about two weeks.

To establish whethcf protein fucosylation is necessary for memory formation, chicks
were given a subconvulsive transcranial electric shock minutes after training (Rose,
1984; Rose & Harding, 1984). The; treatmenf resulted in Both behavioural and
neurochemical changes; it rendered chicks amnesic and prevented the increase in
_glycoprotein fucosylation that otherwise occurred. However, in Lﬁose Bifds that
despite the treatment remembered the task, protein fucosylation was similar to the
levels seen in unshocked MeA-trained birds. The results, therefore, suggest that
increased fucosylation was "directly associated with mefnory formation rather than

" with non-specific concomitants of the training experience" (Rose & Jork, 1987).
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Increased fucosylation has also been demonstrated in other studies that do not involve
passive avoidance training or brightness discrimination tasks. For example, exposing
dark-reared rats to 3hr of light, induces a 23% increase in the rate of fucosylation
(Burgoyne & Rose, 1978), and after 24hr of light exposure the level of fucosylation
returns to pre-exposure levels. This is an indication of the universality of these .

neurochemical changes that reflect behavioural experiences across species.

Wetzel et al. (1982) studied protein fucosylatlon in the central nervous system and
found that mjccuon of fucose 30min before training rats on both shuttle box avoidance
and brightness discrimination tasks improved retention of learned behaviour tested
24hr after training. It was suggested that the 'availability of free fucose inﬂpcnccs the
rate of glycosylation. However, Wetzel and associates claimed‘ that fucose injcctibn
caused increased protéin synthesis as measured by [3H]leucine incorpo_fation. It is also
possible that fucose may partially inhibit lysosomél degradétion of the polypcpﬁde
backbone of glycoproteins rather than stimulﬁte de novo protciﬁ synthesis. Moreover,
~ intracellular fucose has been shown to inhibit fuéosidase, the enzyme that cleaves

fucose from the carbohydrate chain (Zatz and Barondes, 1970).

The effect of other sugars like galactose and mannose | commonly found in
glycoprofeins has also been tested aqd none seem to exert a strong positive influence
on the acquisition performance of rats. However, the intracerebral administration of
fucose, galactose,-and N-acetylneuraminic acid (NAN A) to rats before traihing on a
brightness discrimination paradigm, did improve retention of the acquired task.
Mannose did not show any effects even at the highest dose used, while galactosamine
produced some improvement (Popov and Matthies, 1986). It is noteworthy that, in the
training paradigm described here, at least 24hr had elapsed before brain tissues were

examined for their carbohydrate content; during this time labelled sugars could have
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undergone limited conversion to fucose (with the exception of fucose). This would
confound only specific attribution of the role of these precursors. Training parading
such as one-trial passive avoidance learning, due its short time-course, may offer a

better alternative.

Anatomical and subcellular specificity of fucosylation
‘In their investigations on brain slices, McCabe and Rose (1985a) found increased
fucosylatioh both in W-trained and MeA-trained chicks, compared with untrained
--chicks, but MeA-trained birds showed a grater and signiﬁcant -incréasc (16%) in the
right forebrain base, a region containing LPO, 30min after training. A similar trend

was aléo observed in vivo (McCabe & Rose, 1987).

Popov and. colleagues (1976 and- 1980)., in their in vivo studies involving
intraventricular injection of (3H]fucose, reported an increased glycoprotein
fucosylation in areas CA1 and CA3 of the hippocampﬁs and dentate gyrus after
training rats on a brightness discrimination task. There was no increased fucosylation
in the visual cortex. Furthermore, the increased fucosylation in the dentate area was
seen during the first hour of post-training period, whereas areas CA1 and CA3 lagged
behind' by about 7-9ht. Popov et al. (1980) suggested that this phenomehon is an

index of "stepwise signal processing from.dcntate area to CA1l and CA3".

Burgoyne and Rose (1980) cérricd out a number of in vive subcellular distribution
étudie_s involving passive avoidance learning in day-old chicks. Three hours after
training, birds injected intrapéritoneally showed a significant increase in fucose
incorporation into glycoproteins of SPMs in the anterior forebrain roof and of
mitochondrial fractions, whereas those injected intracerebrally revealed a 40% rise in

SPM fractions only. No data on PSD fucosylétion were reported. However, the
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electrophoretic patterns of glycoproteins obtained by both procedures were
comparable. The significant increase (26%) in the level of incorporation of [3H]fucose
into the particulate fraction of the anterior forebrain roof of MeA-trained birds could be
observed for as long as 24hr after training (Sukumar et al., 1980)

Second messenger systems and protein glycosylation

Jork and associates (1982a) examined the in vivo effects of several neurotransmitters
and their pharmacological ligands on protein synthesis and fucosylation. Amongst
. those reagents te§ted only dopamine increased the fucosylation of glycoproteins. This
effect was accompanied by a decrease in leucine incorporation. The injection of
- épomorphine,.a dopamine agonist, into the hippocampus significantly improved the
retention - of footshock-uiotiva_tted brightness discrimination l‘earniﬁg. Jork and
associates (1982b) also carried out a series of in vitro brain slice studie§ on rat
hippocampus and found an iACrease dose response correlation between dopam'irie
concentra’ﬁon in the incubation medium and fucose incorporation. The administration
of non-hydrolysable cAMP (dibutyryl cAMP) gave a similaf effect, suggesting that
dopamine acts through a second messenger system. Since the activity of the enzyme
fucosyltransferase remained constant during-the length of incubation (2hr), it was
suggested that the dopamine 'system’' may act to increase the activity of fucokinase,
and hence, increase fucose-1-phosphate concentration. The activity of the kihase
increases immediately after training i)ut that of the transferase decreases during this
time-window and dees not‘ increase until some 7-9hr later (Popov et al., 1983). These
findings, together with reports that intrahippocampal apomorphine administration
leads to a significant improvement in the retention of footshock-motivated brightness
discrimination through glycoprotein fucosylation, and that the same drug is'cap'able_ of
inducing theta rhythm in the hippocampus (Matthies, 1978), may cxplain the
mechanism of the rapid rise of glycoprotein fucosyiation observed shortly after

training, an effect which is compatible with the post translational modification
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hypothesis advocated by Routtenberg (1982) (See chapter 3).

The relation between the dopaminergic neurotransmitter system and the second
messenger system involving PKC (a diacylglycerol stimulating protein kinase) has
been studied because both mechanisms heve been implicated in memory processing.
The activity of fucokinase is influenced by the intracellular calcium concentration;
chelating the calcium with EGTA leads to a 2-fold increase in kinase activity (Jork et
al., 1984a). It has been reported that dopamine deereases the phosphorylation of B-
50, a PKC substrate, in SPM fractions by some 30% (Jork et al., 1984b). This is
suggested to be duc to a decrease in mobilizing Ca%* and hence a drop in PKC
: activ'ity.. There is a contrast between these results and those indicating a posttraining
rise in PKC translocation and activity which is pfedonlinantly presynaptic. However,
since protein glycosylation is assumed to be postsynaptically triggered (Matthies,
1989), it may be that initial dopaminergic activation can lead, through a network of
interneurons, to a drop in the presynaptic Ca2+concesuaﬁon, thus influencing PKC
activity. By such time the activity of PKC would have alreédy increased and initiated a
chain of cellular response. As suggested by Matthies (1989), "the ﬁnﬁng of distinct
metabolic events induced by different converging transmitter-mediated inputs during
learning and the interference of their second 1 messenger systems surely induces more

complex conditions that are still far from being understood".

Detailed analysis of training-related fu'cosyl glycoproteins reveéled that there were two
waves of fucosylation (Popov et al., 1980 and 1983). The electrophoretic analysis of
hippocampal tissues from rats qained on a brightness discrimination task showed a
signiﬁcant increase (25-30%) in medium and high molecular weight membrane-bound
fucosylglycoproteins, 7-9hr after training (Popov et al., 1976, and 1980). In 1983,
this group, examined the time-course of the activity of two enzymes involved in

fucosylation, namely fucokinase and fgéosyltransferase. As predicted, the activity of
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these enzymes varied during the first Ohr posttraining. Immediately after a brightness
discrimination task, fucokinase activity increased significantly. The activity of the
tranéferase, however, decreased signiﬁcantly during this period but then showed a
significant increase 7-9 hr later, by which time the activity of the kinase had returned
to control levels. The authors postulated that "during acquisition of such a behaviour
distinct systems operating in the hippocampus can influence metabolic processes by
controlling enzymic reactions through a second messenger system" (Popov et al.,
1983). The cellular events that take place during the period between the two
fucosylation phases are still unknown. Increased fucokinase activity is also seen in
chicks 1 and 6hr after passive avoidance training (Lssner and Rose, 1983; McCabe,
1985b). There is also lateralisation. The activity of the kinase incfeases significantly in
| the right forebrain base (containing PA and LPO) and persistently in the left base
(LOssner and Rose, 1983). Six hour after training, however, there is shift in the
region of significantly increased activity from the base to the right forebrain roof,
containing IMHV (McCabe, 1985b). The effect of passive avoidancé tré.ining on chick

fucosyltransferase has not been reported.

The results discussed above suggest that glycopfotcin fucosylation is a specific neural
response to training and memory formation (Rose, 1981a). Until now there has been.
no specific attempt to identify fucosylglycoproteins in chick brain that are involved in
processes leading to memory formation. In their study, Bullock and associates
(19900b) used 2DGal to help identify 8 major fucosylated protein peaks that may be
involved in memory formation. The following experiments aimed to ideﬁdfy and

localize in details some of the molecules that show elevated fucose incorporation

following training.
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-METHODS

Two major techniques one in vitro and one in vivo, both followed by 1-D PAGE,
were used. The in vitro technique, b)-' virtue of its controllability and
inexpensiveness, was a logical first step in a general analysis of learning-related chick
forebrain fucosylglycoproteins. It was thgrefore decided that a detailed analysis of
these molecules using in vivo techniques was warranted. Furthermore, when a 24hr
incorporation period for the labelled sugar was required the in vivo technique was the

only option.

The in vivo analysis was carried' out at two different times Ghr and 24hr after raiming.
The decision to use the former time was based on work by Zamani and Rose (1990) in
which 2-deoxy-D-galactose (2DGal) was foundbto cause amnesia in two distinct time-
windows. It rendered chicks amnesic if injected during the first hour pdsttraining and
again when chicks received the inhibitor 6hr after training they became amnesic.
- 2DGal did not have amnestic effect when injected at other times up.to 12hr after
.. training. These results Suggcsted that, in chicks, thére must exist two waves of protein
fucosylation, one around the time of training, the other 6hr after training. It was
therefore decided to éxamine fucosylglycoproteins during these two time-windows,

and assess whether different molecules are fucosylated during the two phases.

Passive avoidance training ‘

Chicks wcre. trained essentially as dcs'cribcd before (scé Chapter 2). They were tested
for recall 30min later and only those that responded correctly (i.e., W-trained birds
pecking, and MeA-trained chicks avoiding the dry chrome bead) were used for

analysis of fucosylation.
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Passive avoidance learning and in vitro fucosylation

Fifteen minutes after testing chicks for recall, their forebrain bases were removed,
cooled on ice and prepared for in vitro incubation. This was carried out as describéd
. in Chapter 2. Chicks were coded and decoded only after analysis of the results was
complete. The forebrain base region was chosen since in their earlier study. McCabe
. and Rose (1987) found a significant elevation in fucose incorporation into the right

forebrain base 3hr after training.

After incubating tissue slices for 3hr with 4uCi {14Clfucose/2ml HEPES containing
10uM fucose (pH7.4), they were homogenised in 1ml of 2M HEPES.containing
0.32M sucrose (pH7.4) and crude synaptosomal/mitochondrial fractions were .
prepared. All steps were done at 4°C. Small aliquots were also taken, where
appropriate, for protein estimation and activity ﬁcmmmenm. Each homogenate was
divided into twé parts. A small part was taken for TCA precipitation, as-described
before, and the larger part for crude membrané preparation. The homogenatcé were:
spun at 1000gy,x (3000rpm) for 10min. The supématant was separated from the |
crude nuclear pellet (P1) and spun at 15kgp,,, (11000rpm) for 1hr. The pellet (P2)
was taken as the crude membrane fraction. The mcmbrane fractions were solubilised
in Laemmli buffer and run on 5-15% linear gradient one-dimensional gels as described

before. The individual glycoprotein bands were cut from gels and their activity

measured.

Calculation , of data (in vitro study)

Graphs of glycoprotein activities (dpm of [!14Cfucose) against gel band numbers were
plotted for each gel separation. The total activity under each major peak on the was
calculated, and the percentage activity of each peak against the total activity of that
sample was calculated. This step eliminated any variations due to different amounts of

sample ibeing loaded onto gels and different recovery rates of radioactivity during
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" electrophoresis.

Passive avoidance leyaming and in vive fucosylation

Chicks were trained, as described _abovc and 30min later they were teAstcd for recall.
Those that responded correctly were injected with fucose. The injection protocol was
as follows; MeA-trained birds received 40uCi[14C]fﬁcose and W-trained chicks
10p.Ci [3H]fucose. The isotopes were fmeic-dried and dissolved in 20ul 0.9% saline.
The injection was done using the head-holder described in Chapter 2 (Davis et al.,
1982). In order to control for differences in the metabolism of tﬁc two isotopes, two
groups of W-trained chicks were injeétcd, one w1th [3H]fucose, and the other with

[14C]fucose. In all six chicks were used in each condition.

Chicks were killed either 6hr or 24hr after training and the left and the right IMHY,
PA and LPO were quickl'y' dissected using a resin mould developéd by Rose and
Csillag (1985), and described by Bullock et al. (1987). Conesponding structﬁrcs, one
from a W-trained and one from a MeA-trained chick weré combined and added to the
whole forebrain of aﬁ untreated bird which a(.:te.d as .carrier matgr_ial. The same
procedure was carried out on naive groups that received the isdtopcs. -Subcellular
fractions were prepared and TCA precipitated and delipidated as described before.
[*H]fucose and [14C]fuc6se were counted simultaneously after dissolution of péllets
in Protosol for 24hr, addition of 1ml of water to reduce chemiluminescence, and 8ml
of scintilant (Emulsifier—sa.fem, Packard). Counting was carried out in a Beckmﬁn

~ LS.1710 scintillation counter at an efficiency rate of about 80% for both isotopes.

Calculation of data (in vivo study)

The ratio df [14C]fucose/[3H]fucose was calculated for each sub;ellular fraction and

was expressed as the percentage of the corresponding homogenate from which they
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were deﬁved [14C]fucose/[3H]fucose. This was called the raw ratio. This ratio was
independent of any variations in the subcellular fraction recovery, the relative amount
of tissue taken for analysis, and relative amount of i'sotope injected. A raw ratio'oir
100% would be achieved if all subcellular fractions in both W- and MeA-trained
chicks incorporated the same amount of each isotope. The raw ratios obtained from
MeA/W samples were then divided by the raw ratios of W/W samples prepared at the
same time. This standardized the sample ratios against any basal metabolic variations
of the different isotopes of the same sugar. Any deviation from 100% in standardized
ratios, thgrcfore, indicated rélative enrichment or impoverishment of incorporation into
that fraction in samples from MeA-trained chicks. These deviations were statistically
compared to the null hypothesis (i.e., no enrichment or impoverishment) using the
Student's t. test. The relative incorporation ratios between the left and the right
hernisphere were carried out by calculating the left/right ratios of";:ach pair of samples
and applying the same statistical technique. The distribution of incorporation between

. PSDs and SPMs of corresponding samples were calculated similarly.

Of the labelled glycoproteins separated by gel electrophoresis, 8 majdr peaks, similar
to those reported by Bullock et al. (1990), were recognised, and the activity of
individual bands calculated as described above. 'ﬁue [14C]fucose/ [3H] fucose ratio of
each band was expressed as a percentage of 'the corresponding ratio for the whole gel.
This eliminated variations due to differences in the amounts of isotopes incorporated
into each sample. This raw ratio was. obtained for 'all»samples and the mean of raw
ratios from W/W samples calculated. The raw ratio of each MeA/W sample was then
expressed as a percentage of the mean W/W ratio. Deviations from the null hypothesis
for these standardized samples were calculated using the Student's t. test. In the 24hr-
posttraining study the LPO and PA samples were combined and analysed together but

for the 6hr-posttraining phase samples from the IMHV, LPO, and PA were analyéed

separately.
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RESULTS

The in vitro study _

Measurements of the specific activity of TCA insoluble pellets are shown in Table 4.1.
There was a significant elevation of fucose incorporation into the right forebrain base
of MeA-trained chicks as compared to controls (p<0.05). No other signi‘ficant
differences were observed either between groups trained and controi or between
hemispheres. Figs. 4.2a&b confirm that there was no difference in [14C]fucose

contents of incubation media and tissue homogenates between samples.

Gel electrophoresis and glycoprotein analysis : The activity of protein.
components obtained from sets of 4 samples, that is, left and right forebrain base
regions of W-and MeA-trained birds (n=5 per group) revéaled' 6 major glycoprotein
peaks. They had molecular weights of 180, 116-120, 55-60, 45-50,. 35-40, and 26- .
30kD. The only glycoprotein componént to show a significant increase in fucosylation
in the right forebrain base was 1‘16-120kD molecular weight (Fig. 4.1a). The 55-60,
45-50, and 35-40kD peaks also showed a slightly elevated fucosylation. Interestingly,
however, the peak at 35-40kD from the left forebrain base of MeA birds showed a
significant increase in fucosylation compared to W birds (Fig. 4.1b). This was in

contrast to the absence of a significant increase in fucosylation in this region after

training.
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Fucose incorporation rate (pmoles/mg Protein/hr)

W-Trained MeA-Trained
Sample Left Right Left Right
1 11.5 11.7 13.6 141
2 . 8.8 14.8 9.4 215
3. 17.1 18.1 20.8 18.8
4 8.3 10.1 15.8 25.2
5 127 15.5 16.9 19.8
- Mean 11.7 . 13.9 153 19.7
- sem 1.6 1.5 1.9 . 1.7

Statistics (Student t.-test) : Right W-trained vs Right MeA-trained, p<0.04 (t=2.5);
left W-trained vs left MeA-trained, p<0.18 (t=1.5) :

Table 4.1 : The effect of passive avoidance training on in vitro fucose incorporation

into TCA precipitated protein of chick forebrain base after a 3hr labelling pulse.
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Fig. 4.1a
Fucose incorporation into right forebrain base (%, peak dpm/sum total dpm)
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Fig. 4.1b
Fucose incorporation into left forebrain base (%, peak dpm/sum total dpm)
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Figure 4.1 : SDS-PAGE aﬁalysis of fucose incorporation into TCA precipitable

materials obtained from the right (a) and the left (b) chick forebrain base.

Dark hatched columns are values for W-trained birds and light hatched columns
are values for MeA-trained chicks. Values are expressed in terms of percentage
of the activity of each peak against the total activity of the entire sample loaded

on to the gel. Each value represents the mean of 5 replicates. *=p<0.05.
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Fig. 4.2a
[14C]fucose (dpm/ml)
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Figure 4.2a : The activity of [14C]fucose in tissue homogenates and incubation
medium 3hr after in vitro labelling.
The value of each col-umﬁ represents the mean of 12 samples + standard
deviation. These values indicate that enhanced fucosylation seen after passive
avoidance learning was not due to the use of more labelled isotopes in
incubation media of right forebrain base samples. Dark hatched column, left
hemisphere homogenate; light hatched column, righi hemisphere homogenate;
black column, left hcmisphcfc incubation medium; white column, right

hemisphere incubation medium.
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Fig. 4.2b
[14C]fucose in incubation media (dpm/ml)
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Figure 4.2b : The activity of [4C]fucose in incubation medium 3hr after in vitro
labelling (Pancl b) .
The value of each column rcprc':scnis the mean of 6 samples. Error bars
represent sems. These values indicate that enhanced fucosylation seen after
passive avoidance learning was not due to the use of more labelled isotopes in
incubation media of right forebrain base samples of MeA-trained birds, or the
use of less labelled isotope in incubation media of n'ght forebrain base samples

of W-trained chicks.
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The in vivo experiments

Subcellular localisation of fucosylation 24hr after training

The subcellular incorporation of fucose is shown in Table 4.2. In subcéllular fractons
of the PA, there was a significant 63% increase in fucose uptake in the right SPM, and
a significant 115% increase in the right PSD; the left PSD also showed a significant

fucose elevation (98%).

A similar set of results were obtained from LPO. Both left SPM and PSD fractions
showed significant fucose incorporation elevations (64% and 24% respectively. The
19% rise in fucose uptake in the right SPM was not significant. However, the uptake
of fucose in the right PSD dropped by 7%. In PA, passive avoidance learning resulted
in a strong postsynaptic effect which was cvidcnt in 116% and 32% relative increasés
in fuc_osé incorporation in left and right hemispheres respectively. LPO, on the. othér'
hand, showéd a relatively strong presynaim'c effect (32% and 29% increase in left and

right hemispheres respectively).

As can be seen in Table 4.2, there was no significant fucose enrichment in IMHYV,
rather the SPM fraction of IMHV froni the right hemisphere showed a significant
reduction in‘ fucose uptake. The increase of 12% seen in the left SPM was not
significant. The relatively strong postsynaptic effect seen in the right hemisphere was

at the expense of a 24% fall in fucose incorporation in the SPM fraction.

The interhemispheric differences in fucose uptake are also shown in Table 4.2. In the
PA there is a right hemispheric dominance in SPM and PSD fractions, whereas LPO
shows a strang left hemispheric dominance. In the IMHV, however, it is the SPM that

shows ihterhemispheric lateralisation in the form of left IMHV dominance.
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Sample IMHV “PA LPO
L R L/R L R LR L R L/R-
SPM 111.7 75.6% 149.0 915 163.3# 57.0 164.3* 1193 136.3
.+2.3 160  +10.1 83 +12.1 156 125 64 176
PSD 109.5 106.0 101.3 - 198.0# 215.7# 91.3 124.0* 92.7 1360
3.5 112 7.1 9.3 220 *12.7 3.5 #9.5 249
PSD/ 980 1402 68 216.4# 132.1* 160 75.5* 71.7* 100
SPM +8.6 199 ©#219 *11.8 +73 35

Table 4.2 : The effect of passive avoidance Iéaming on fucose incorporation inio
- subcellular fractions of chick forebrain 24hr after training. Results are expressed

" “as [14C]fucose (MeA)/[3H]fucose W) perceniage ratios standardized against
[14C]fucose/ [3H]fucose of untrained controls. Data are means +sem of 10
sﬁmples for each value. *= p<0.05; #=p <0.0l. L, left hemisphere; R, right

hemisphere.
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Identification of fucoSylglycoprote_ins isolated 24hr after training

The processing of samples at this stage was confined to LPO and PA fractions since
the preliminary results, described above, indicated greater chénges in fucose uptake in -
SPMs and PSDs of these structures than in IMHV fractions. Gel electrophoresis was
therefore carried out on combined LPO/PA samples, the activity of individual protein
bands being measured as described previously. On plotting graphs of band number
against activity, 8 major groups of glycoproteins were recognised and ranked from
high to low molecular weights, designated peaks 1-8 (see Bullock et al., 1990). They
were, respectively, 150—180, 100-120, 62-80, 55, 50, 41, 33, and 28kD. A typical
" plot of [®H)fucose and [!4C)fucose against the band number is shown in Figs.
- 4.3a&b. The patterns of fucosylglycoproteins in SPMs and PSDs of MeA-trained
chicks are shown in Fig. 4.4a&b. Passive avoidance training resulted in a relative
drop Aof fucose incorporation into peak 2 of the left hemisphere SPM fraction.
However, peak 5 of the left hemisphere SPMs, representing a Mr 50kD component,
showed a significant increase in protein fucosylation. Furthermore, the comparison in
fucose uptake between SPMs and PSDs of this component indicated a presynaptic

effect (Table 4.3).

In the PSD fraction, peaks 1, 2 and 4 of the left LPO/PA and peaks 2 and 7 of the
right LPO/PA showed increases in fucose uptake. However, peaks 3 and 8 of the
right forebrain base and pca_ks 6and 7 of the left showed significant decreases in their
fucose incorporation. Overall, the biggest changes were seen in peak 2 which
represented a 150-180kD component indicating a postsynaptic effect. This is evident
in Fig. 4.5; peak 2 showed a strong positive PSD-to-SPM ratio, whereas peak S of
the left LPO/PA showed a strong negative ratio (see also Table 4.3). In addition to
peak 5, peaks 6 of the left and peak 3 of the right LPO/PA showed negative ratios,

indicating a relative presynaptic enrichment. Peaks ‘1 of both hemispheres showed a



chapter 4: Training-related fucosylglycoproteins 121

1
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Figure 4.3 : The representative pattern of incorporation of the two fucose isotopes

into glycoproteins of SPMs (a) and PSDs (b) resolved by 1-D SDS-PAGE

using 5-15% gels.

The chart on the right shows the protein components cut. from the gels and used

for analysis.
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Figure 4.3c : Representative electrophoretic patterns of homogenate, SPMs and PSDs
prepared from day-old chick forebrain.
Track A contains molecular weight markers, track B contains whole forebrain
homogenate, track C contains SPMs, and track D contains PSDs, all stained
with Coomassie Blue R-250. Track E contains SPMs and track F contains
PSDs stained with Ulex Europaeus Type I after Western blotting (see Chapter 6
for the technique of Western blotting). Molecular weight values are indicated in

kilodaltons.
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MeA/W ratio of fucose incorporation into L&R LPO/PA PSDs (24hr)
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Figure 4. 4 : SDS-PAGE analysis of fucose incorporation into SPMs (a) and PSDs
(b) from LPO/PA 24hr after passive avoidance learning.
Dark hatched colurpns are the values of SPMs or PSDs prepared from left
hemisphere LPO/PA, and light hatched columns those for the same fractions
prepared from right hemisphere. Data represent the means of 5 standardized
values (i.e., ["C]fucose of MeA/["H]fucose of W divided by [*"C]fucose of
W/[*H]fucose of W-birds). Error bars are sems. Ratios above 1.0 indicate
training induced fucose enrichment, and those below 1.0 indicate fucose

impoverishment. *=p<0.05; **=p<0.02.



chapter 4: Training-relatedfucosylglycoproteins 124

similar effect as those of peaks 2. When comparing the relative uptake of fucose
between the right and the left hemispheres, the postsynaptic effect of the 150-180kD
(peak 2) component was seen to be dominant in the left LPO/PA. So was the the
presynaptic effect of the S0kD component. However, the postsynaptic effect of peak 7

was dominant in the right LPO/PA (see Table 4.4).

Subcellular localisation of fucosylation 6hr after training
The distribution of the standardized ratios of protein-bound fucose isotopes is shown
in Table 4.5. The only significant training-induced changes seen in the IMHV were in

the right SPM and PSD fractions that showed a drop in fucose incorporation by about

22% and 20% respectively.

In the PA, no significant changes were seen in the SPM fractions, but the right PSD
showed a significant increase in fucose uptake (17%). This led to a significant
postsynaptic effect, reflected in the ratio of PSD/SPM (112%). The postsynaptic effect

was significantly lateralised to the right PA.

In the LPO fractions, a significant drop in fucosylation was observed in the right
SPM, leading to a left LPO latéralisation (L/R ratio of 135%). The level of fucose
uptake remained almost the same in the PSDs of left and right LPO which resulted in a

significant presynaptic effect in the left LPO.
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PA & LPO PSD/SPM
Peak Mr(kD) Left +sem Right +sem

1 180-150 1.32% 0.13 1.09* 0.04

2 120-100 1.58** 0.07 1.25* 0.12

3 62-80 0.93 0.02 0.89%* 0.02

4 55 1.00 0.06 1.03 0.05

5 50 0.78** 0.03 1.17 0.08

6 41 0.73%* 0.08 0.86 0.08

7 33 1.22 0.18 0.83 0.08

8 28 0.97 0.09 0.91 0.03

Table 4.3 : PSD/SPM ratios of fucose incorporation into the major glycoprotein peaks
in LPO/PA 24hr after passive avoidance learning.Values are the ratios of
[1"Cjfucose MeA/[*H]fucose W data standardized against [*""Cjfucose

W/[*H]fucose W controls (n=5). *=p<0.05; **=p<0.01; *=p<0.06
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Fig. 4.5

PSD/SPM ratio of fucose incorporation into LPO/PA (24hr)
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138 s
1.6
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Figure 4.5 : The PSD/SPM ratios of electrophoretically resolved LPO/PA 24hr after
training.
Dark hatched columns represent values of the left LPO/PA, and light hatched
columns those of the right structures. Error bars are sems.*=p<0.05;

*%=p<(.02.
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LPO/PA Left/Right

Peak Mr(kD) SPM +sem PSD +sem
1 150-180 1.00 0.09 1.26%* 0.06

2 100-120 0.86%* 0.03 1.12 0.08

3 62-80 1.02 0.04 1.09 0.06

4 55 1.14 0.08 1.16%* 0.05

5 50 1.37 0.15 0.95 0.04

6 41 0.99 0.09 0.79%* 0.05

7 33 1.01 0.02 0.83%* 0.02

8 28 1.02 0.05 1.24 0.12

Table 4.4 : Left/Right ratios of fucose incorporation into the major glycoprotein peaks
of SPMs and PSDs of the LPO/PA 24hr after passive avoidance learning.
Values are the ratios of [M"Clfucose MeA/[*H]fucose W data standardized
against [1""C]fucose W/["H]fucose W controls for each hemisphere (n=5).

*=p<0.05; **=p<0.02.
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Sample IMHV PA LPO
L R L/R L R L/R L R L/R
SPM 95.9 78.3t 124.7 122.8 1059 114.2 119.6 84.3* 134.6+
+13.3 6.7 +18.0 +18.0 *5.4 +13.4 +16.0 +6.9 +19.5
PSD 97.4 80.2% 1124 123.4 117.1# 107.2 91.4 98.5 98.3
+13.2 +£8.0 +14.8 +16.9 6.0 +16.1 +12.6 £10.8 =+15.1
PSD/ 101.8 1134 92.7 101.2  112.1t 93.1t 76.7+ 105.0 74.3+
SPM +1.2 +10.4 +6.2 +1.6 +7.8 +8.1 +3.1 +4.7 +5.4

Table 4.5 : The effect of passive avoidance learning on fucose incorporation into
subcellular fractions of chick forebrain 6hr after training. Results are expressed
as [I"Cjfucose (MeA)/["H]fucose (W) percentage ratios standardized against
[I"CJfucose (W)/ ["HJfucose (W) of controls. Data are means £sem of 6
samples for each value. p<0.05; #=p <0.01; t=p<0.001. L, left hemisphere;

R, right hemisphere.
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Identification of fucosylglycoproteins isolated 6hr after training

Figures 4.5a&b, 4.6a&b and 4.7a&b show the patterns of protein fucosylation in
SPMs and PSDs obtained from IMHVs, LPOs, and PAs of trained birds. No
significant increases in the amount of fucose uptake was observed in either SPMs or
PSDs of IMHV fractions. However, peak 5 showed a significant drop in fucose
incorporation into SPMs of the right IMHV (Fig. 4.6a). Peaks 3 and 4 of PSD
fractions obtained from the right IMHV showed a similar trend. It is assumed that the
these decreases in fucose uptake were the major contributory factors in a general
decrease in fucosylation in the right IMHV observed when examining subcellular

localisation of protein fucosylation (see Table 4.5).

Compared to the IMHV, the patterns of fucosylation in PA were different; in the left
SPM, peak 6 (41kD) exhibited a sharp increase in fucose uptake, whereas peak 7
(33kD) of both left and right PSD fractions showed elevated fucosylation (Fig.
4.7a&b). The PSD/SPM ratios of PA are shown in Table 4.6. As can be seen, the
effect of fucosylation in peak 7 of both left and right PA is significant postsynaptic
enrichment. The postsynaptic effect of the 'right' peak 4 was, however, at the expense
of a drop in fucose uptake of the same fraction in the SPM. The incorporation of
fucose into left PA SPM of the 33kD component (peak 7) was significantly less than
that in the right PA (see Table 4.7). These patterns were also consistent with

observations made at the subcellular level (see Table 4.5, the PA column).

The training induced fucosylation patterns, obtained from LPO fractions, proved to be
the most varied of the six subcellular fractions (Fig. 4.8a&b). In the SPMs 150-
180kD components of both left and right LPOs (peak 1) showed a sharp decrease,
whereas peaks 5 and 6 (50 and 41kD) of the left LPO, and peak 7 of the right showed
elevated fucosylation. The presynaptic effect of SOkD (peak 5) component was mainly

confined in the left hemisphere (see Table 4.9 and Fig. 4.8a).
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PA PSD/SPM
Peak Mr (kD) Left +sem Right +sem
1 180-150 1.08 0.06 0.89** 0.03
2 120-100 1.15 0.07 0.92 0.02
3 62-80 1.03 0.05 0.99 0.03
4 55 0.99 0.02 1.14%* 0.03
5 50 1.08 0.06 1.05 0.03
6 41 0.92 0.08 1.06 0.04
7 33 1.19%* 0.02 1.12* 0.04
8 28 0.97 0.06 0.88 0.13

Table 4.6 : PSD/SPM ratios of fucose incorporation into the major glycoprotein peaks
in PA 6hr after passive avoidance training. Values are the ratios of [I""Cjfucose
MeA/[*H]fucose W data standardized against [*"*Cjfucose W/["H]fucose W

controls (n=5). *=p<0.05; **=p<0.01.
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Fig. 4.6a
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Figure 4.6 : SDS-PAGE analysis of fucose incorporation into SPMs (a) and PSDs
(b) from IMHV 6hr'aftcr passive avoidance learning.
Dark hatched colum;lsflare. the values of SPMs or PSDs prepared from left
hemisphere IMHYV, and light hatched columns those for the same fractions
prepared from right hemisphere. Data represent the means of 5 standardized
values [i.e., [*4C]fucose of MeA/[>H]fucose of W divided by [14C]fucose of
W/[3H]fucose of W-birds]. Error bars are sems. Ratios above 1.0 indicate’

.learning induced fucose enrichment, and those below 1.0 indicate fucose

impoverishment. *¥*=p<0.02.
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Figure 4.7 : SDS-PAGE analysis of fucose incorporation into SPMs (a) and PSDs
(b) form PA 6hr after passive avoidance learning. |
Dark hatched columns are the values of SPMs or PSDs prepared from left
hemisphere PA, and light hatched columns those for the same fractions prepared
from right hemispﬁere. Data represent the means of 5 standardized values [i.e.,'
[14C]fucose of MeA/[>H]fucose of W divided by [14C]fucose of W/[>H]fucose
of W-birds]. Error bars are sems. Ratios above 1.0 indicate learning induced
fucose enrichment, and those below 1.0 indicate fucose impoverishment.

%=p<0.05; **=p<0.02.
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PA ~ LefyRight

Peak Mr(kD)  SPM  isem PSD+sem

1 150-180 0.93 0.07 1.13 0.09
2 100-120 101 0.05 1.25%* 0.08
3 6280 0.96 0.01 0.99 0.03
4 55 1.13** 003 0.98 0.04
5 50 1.01 0.01 1.05 0.05
6 41 L13** 004 . 098 007
7 33 092 0.04 0.98 0.08
8 28 1.01 0.05 1.23 0.24

. Table 47 : Left/Right ratios of fucose incorporation in;o the major glyéoprotcin peaks of |
- SPMs and PSDs of the PA 6hr after passive avbid.ance learﬁing. Values are the
. ratios of [14C]fucose M_eA/[3H]fucose W data standardized against [14C]fucose
W/[-”H]fucosé W controls for each hemisphere .(n=5). *=p<(.05; **=p<0.02.
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LPO . PSD/SPM
Peak  Mr(kD)  Left  sem Right +sem
1 180-150 L57* o011 121+ 0.08
2 120-100 1.01 0.08 ' 1.11 0.14
3 62-80 124 0.08 : 1.26* 0.09
4 55 ' 0.94 0.06 1.13 0.14
5 50 0.92 0.06 115 0.07
6 41 o 0.87* 0.04 0.75* . 0.09
7 33 112 0.18 0.80** 0.04
8 28 - 0.95 0.03 0.72** - 0.05

Table 4.8 : PSD/SPM ratios of fucose incorporation into the major glycoprotein peaks in
LPO 6hr after passive avoidance learning.Values are the ratios of [14C]fucoseb
MeA/[3H]fucose W data standardized against [14C]fucose W/[3H]fucose w
controls (n;=5). *=p<0.05; **=p§0.01. .
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Figure 4.8 : SDS-PAGE analysis of fucose incorporation into SPMs (a) and PSDs
(b) form LPO 6hr after passive avoidance learning.
Dark hatched columns-are the values of SPMs or PSDs prepared from left
hemisphere LPO, and light hatched columns those for the same fractions
prepared from right hemisphere. Data represent the means of 5 standardized
values [i.e., [14C]fucose of MeA/[>H]fucose of W divided by [14C]fucose of
W/[3H]fucose of W-birds]. Error bars are sems. Ratios above 1.0 indicate
learning induced fucose enrichment, and those below 1.0 indicate fucose

impoverishment. *=p<0.05; **=p<0.02.
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In the PSD fractions, the 62-80kD band (peak 3) showed significantly increased
fucosylation. Peak 4 of the left, and 6, 7, and 8 of the right-LPO exhibited significant
decreases in their fucose uptake after training. When comparing protein fucosylation
between SPM and PSD components (Table 4.8 and Fig. 4.9), the 33kb band (peak 7)
of the right hemisphere was found tolexhibit a significant presynaptic effect. No
laterali»sa‘tion of this component was observed (see Table 4.9). Peak 1 also showed a
postsynaptic effect. However, this was at the expense of a sharp drop in fucosylation

of this componént in SPM fractions.
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Fig. 4.9
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Figure 4.9 : The PSD/SPM ratios of electrophoretically resolved LPO 6hr after
training.
Dark hatched columns represent values of the left LPO, and light hatched
columns those of the right hemisphere. Error bars are sems.*=p<0.05;

**=p<0.02.
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LPO . ' . Left/Right
Peak Mr (kD) SPM +sem PSD tsem
1 150-180 0.88* 0.05 1.14 0.09
2 100-120 0.91 0.05 ‘ 0.85* 0.06
3 62-80 0.98 0.04 0.97 0.06
4 55 1.16 0.16 0.95 0.03
5 50 1.23* 0.09 0.98 0.07
6 41 113 - 0.13 1.31%* 0.04
-7 33 0.89 0.01 _ 1.26 0.23
8 28 : 1.00 0.09 o 1.33%* 0.06

Table 4.9 : Left/Right ratios of fucose incorporation into the major glycdprotéin p@aks
of SPMs and PSDs of the LPO 6hr after passive avoida'ncé learning. Values are
the ratios of [14C]fucose MeA/[3}I]fucqse W data standardized against |
[14C]fucose W/[3H]fuCOSC ‘W controls fof eacﬁ hemisphere (n=5). *=p<0.05;

**2p<0.02.
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DISCUSSION

The earlier in vitro sﬁdy was based on the reports by McCabe and Rose (1985a) and
Lossner and Rose (1983) who found the right forebrain base as the site showing
maximum fucosylation and significant fucokinase activities a few hours after training
on the passive avoidance task. Results of the in vivo studies reported here have
confirmed and extended McCabe and Rose's findings. In other words, the IMHV did

not show significant fucosylation increases 6 & 24hr after passive avoidance learning.

. Results of a number of other studies, however, point to the importance of IMHV
function during and after learning. Indeed, the use of labelled 2DGlc showed an
increased metabolic activity in the IMHYV during the first hour posttraining'period

(Kossut and Rose, 1984; Rose and Csillag, 1985).

Lesion studies have shown that the left IMHV is necessary for the acquisition of
learning (Patterson et al., 1990). Morphological studies, on the other hand, showéd :
. that 24hr aftér training the mean length of postsyﬁapfic thickening in the left IMHV '
increased to the extent that the greater length seen in the right IMHV of W-trained
birds was no fonger apparent (Stev?a.rt et al., 1984). Interestingly rcsﬁlts reporfed here
‘ showed a decrease in the right

‘(MeA-trained Stdndadl . .
IMHY fucosylation, both in SPMs and PSDs -at 6hr after training (Table 4.5)- and in

the right SPMs -at 24hr after training. This may indicate that some training specific
prbtein fucosylation does iI;deed take place in the left IMHV, but only to 'fclose the
gap" between W and MeA-trained fucosylation. On_the other hand, it is possible that
some training-specific reduced glycosylation takes place in order to reprocess previous
INEINUIIeS a.ﬁd reorganize neural connectivity for future expenence. During training
redundant connections face regression and make way for incoming processing. After
all, continual addition of new glycoproteins and/or increased synapse formation in

confined volume of the brain does not seem feasible. Evidence for synapse loss or
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regression during neural development and learning (imprinting) is presented by a
number of researchers (e.g., Cowan et al., 1984; Scheich, 1987). However, there afe

hitherto no reports of specific glycoproteins that are deglycosylated during neural

plasticity.

The other two brain structures studied were PA and LPO. No significant changes
were seen in SPMs 6hr after training. But by 24hr, there was 63% increase in the
amount of protéin fucosylation in the right SPMs. The right PA seemed to be
mctébolicélly activé as early as Ghr pdsttraining with ihcfcaséd ac‘:tivity stll after 24hr.
At this time point the left PA almost doubled its fucose incorporation into PSD
fractiohs,. which compared to the coirresponding SPMs, resulted in an overall
. postsynaptic fucosylat:ion dominance. This effect, however, changed laterality; that is,

from the right PA 6hr after passive avoidance training to the left PA after 24hr.

Changes in fucose incorporation into LPO were more prornincht 24hr after training
than after 6hr. The non-significant 20% increase in fucose labelling in the leﬁ SPM at
6hr deQelopcd,into a significant 64% increase after 24hr. At this latter time the PSD
fractions of left LPO showed a 24% increased fucosylétion, an effect which was
absent 6hr éfter passive avoidance training. No change in protein fucosylation took

place in PSD fractions of the right LPO at either time point.

Results obtained from subcellular analysis of fucosylation indicate that different brain
structures are active at differeng periods (and perhaps for different lengths of time)
after passive avoidance training. Some of these changes are present at the earlier time
point, but by 24hr they are no longer detectable. Some changes present at 6hr persist
for at least 24hr, and yet others only appear during later stages of memory formation.

The changes seen in the-left and right LPO, for example, are consistent with
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morphological and neurochemical changes that suggest (new) synapse formation and

incorporation of glycoproteins into synaptic membranes.

Gel electrophoresis results from the in vitro study were encouraging. When TCA
precipitable materials of total right forebrain base tissue homogenates were resolved, a
fucosylated glycoprotein component of Mr 100-120kD showed a significant elevation
after MeA-training (Fig. 4.1a). A protein component of Mr 40-45kD in the left
forebrain base also showed an increased rate of fucosylation 3hr after traiﬁing (Fig.
4.1b). Based on these results, gel clectrophéresis was carried out on subcellular

fractions of IMHVs, PAs; and LPOs 6 and 24hr after training.

Chronologically, the 24hr study was done before the earlier time point. This was
justiﬁed for several reasons, such as maximization of labelled fucose incofporation.
That thev morphological results were obté.ined 24hr after training was another reason.
However, since LPO and PA exhibited the highest amounts of fucos‘ylau'on, it was
decided, in order to maximize radioactivity counts, to coinbine the two structures and
then resolve out fucosylglycoproteins by gel electrophoresis. In retrospect, héving
obtained interesting resﬁlts from processing LPO and PA separately 6hr after training,

it might have been advisable to analyse these structures separately at 24hr also.

IMHYV electrophoresis at 6hr after traim'ng showed no signiﬁcant changes in any of the
8 characterised protcin pea:ks were observed. It is, therefore, assumed that, given thc V
similar rates of fucosylation in subcellular fractions 6 and 24hr after training (see
Tables 4.2 & 4.5), the electrophoretic resolution of the IMHYV at the longer time-point

would be similar to that obtained at 6hr posttraining time.

In order to make a comparative analysis of these glycoproteins, the separate data

obtained, 6hr after training, from LPO and PA were combined (Fig. 4.10a&b). The
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only protein compbncnt in the SPM fractions that showed increased fucose ﬁptake
was the 41kD (peak 6) component of the left LPQ/PA. Interestingly, this component
was also identified in the in vitro study (see Fig. 4.1b). By 24hr the degree of fucose
| uptake in this component reverted to control levels. Instead, the 50kD component of

the left LPO/PA structure exhibited significant elevation in fucosylation after training.

In the PSDs of LPO/PA, a 62-80kD (peak 3) component was identified that showed‘
increased fucose uptake, mainly in the right hemisphere. However, 24hr after
training, the 62—80kD component showcd a significant decrease in its fucose uptake.
Instead, peak 2 (100- IZOkD) of both right and left LPO/PA and the 180kD cdmponent
(peak 1) of the left LPO/PA showed significant fucose incorporation.

A closer examination of these protein componchts revealed that the elevatewd fucose
uptake of peak 3, at 6hr after training, was conﬁncd to the postsynaptic LPO, and that
it occurred in both left and right hemispheres (Fig. 4.7b). The 100-120kD. (peak 2)
. component of the right L.PQO also showed an Aincrcascd fucose uptake, though this was
not significant. This péak did show significant fucose incorporation in. thé in vitro
study. The elevation in 4 lkD (peak A6) fucosylation, on thé other hand, was

contributed to by presynaptic fractions of both LPO and PA (Fig's. 4.6a & 4.7a).

Using the electrophoresis technique fine but significant variations in neurochemical
events were elicited that would otherwise have remained un-noticed in more crude

techniques.
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Figure 4.10 : SDS-PAGE analysis of fucose incorporation into SPMs (a) and PSDs
(5 from combined LPO & PA 6hr after passive avoidance learning.
Dark hatched columpsf'arc'the values of SPMs or PSDs prepared from left
hemisphere LPO/PA, and light hatched columns those for the same fractions
prepared from right hemisphere. Data represent the means of 5 standardized
values [i.e., [14C]fucose of MeA/[3H]fucose of W divided by [14C]fucosc.of
W/[3H]fucose of W-birds]. Error bars are sems. Ratios above 1.0 indicate
. learning induced fucose enrichment, and those below 1.0 indicate fucose

impoverishment. *=p<0.05; **=p<0.02.
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In sumrnéry, the results réported here are consistent with findings reported from other
neﬁrochemical and morphological' studies. -They suggest that there are 'different
mechanisms governing mémory formation and storage at different times after traini_ng
and in different structures. The induction of amnesia by 2DGai, at around the training
time and again 6-8hr after training, also supports tﬁis notion (Zamani and Rose, .
1990). A further analysis of these fucosylglycopmtein§ should, therefore, be able to
show whether ;hcir increased turnover and fucosylation are necessary if memory isto
be formed and stored. One effective way to examine this criterion is the employment

- of ncuroimmunological techriliqucs.l Antibodies raised against these proteins could be
used to demonstrate whether their injection into the chick brain renders them amnesic,
and if so, whether their antigens/epitopes show alterations in turnover after passive

avoidance training. Such investigations are discussed in the next chapter.
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CHAPTER FIVE

- THE USE OF POLYCLONAL ANTIBODIES IN IDENTIFICATION
AND CHARACTERIZATION OF GLYCOPROTEINS INVOLVED IN
PASSIVE AVOIDANCE LEARNING: A CASE FORRIS.

INTRODUCTION

Since 1964 when the term immunoneurology was introduced by Schmidt, the
application of neuroimmunological techniques as sensitive tools for understanding both
the brain structure-function relationship and the brain and behaviour dichotomy has

been increasingly appreciated.

'The majority of research concenﬁ'ates on addressin’g several fundamental 'quest'ions, '
including identification and characterization of ﬁeuron-speciﬁc antigens such as
receptors and gated channels, the morphological distribution of these 'ann'gcn's_, their
roles in neﬁral growth and development such as -synaptogénesié, the study of
pathological condiﬁons resulting from abnormal cx;;ression of the antigens, and their
role in various behavioural and cognitive changes such as learning and memory (see

Jankovic, 1985 for a review).

Considering the fact that thousands of proteins exist in the nervous system, some of

which are specific to the system, it seems likely that it has an immense immunogenic

potential.

The early study by Reichner and Witebsky (1934) in which they used polyclonal
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antibodies against neural alcohol soluble fractions and caudate nucleus and
hippocampus provided a method for distinguishing between white and grey matter.
Further cytochemical differentiation was achievéd when Herschman and co-workers
(1972) reported that the plasma membrane of cortical synaptosomes differed

immunologically from the plasma membranes of cells in other organs, and from other

* -subcellular fractions of the CNS.

One of the first antigens that was shown to possess immuhogenicity was S-100. When
first discovered, it was thought to be neuron specific, but later studies revealed that in

fact other tissues such as skin respond to anti-S-100 antibodies (Cocchia et al:, 1981).

A-number of antibodies have been raised to brain ﬁroteins in ‘order to study animal
models of neuropathological disorders such as experimental allergic enccbhalorﬁyclitis,
multiple sclerosis, post infectious and post vaccinal encephalitis, and epilepsy ( for a

review see Jankovic, 1985).

Neural glycolipids and, in particular, gangliosides have been studied by
neuroimmunological techniques (e.g., see Karpiak et‘.al., 1978). Antiganglioside
antibodies are reported to have a selecuve mode of action despite being w1despread in
the CNS. For example, they are claimed to induce epllcpnform spiking activity
(Karpiak et al., 1976a), and to suppress synapse, dendrite, and myehn formation
(Jankovic, 1985). Certain anti-brain pr;)tein antibodies have also been found to disrupt
these processes. An antibody to a 50kD protein secreted at the site of rat denervated
muscles was found to prevent neuronal sprouting when introduced at the site of

denervation (Gurney, 1984).

Neuroimmunological techniques have been increasingly employed in assessing the role

of specific neural antigens in alteration of behaviour and in cognitive processes. In one
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such study reported by Jankovic et al.(1968), cats were trained to discriminate between
two tones of dxfferent frequencies, one of whlch was associated with an aversive
stimulus. After recelvmg a single intraventricular injection of antiribonucleoprotein
antibody, they showed a marked and long-lastmg deficit in this response. Further,
Jankovic (1985) also reported that anti-hippocampal antibodies and anti-caudate
antibodies severely affected monkeys' performance in delayed visual discriminatioh

task. In rats, injection of anti-SPM antibodies was shown to impair recall mechanisms

(Kobiler et al., 1976).

: Anubodlcs raJsed against 1solated brain specific protems have been used in behavioural
investigations. The role of S 100 has been reported in various paradlgms For example
| the prior intraventricular injection of anti-S-100 antibodies was shown to prevent rats
from maze learning or, if injected during the coufse of learning, it prevented them from

‘further learning (Hyden and Lange, 1971; see also Karplak et al., 1976b).

Productlon -of monoclonal anubodles to neural spemfic ant1gens has proved to be |
difficult. The reason for this is a matter of conJecture However, it is p0551b1e that these -
~ antigens . are evolutionarily conserved and, as a result; have httle 1mmunogen1c1ty It
may also be possible that specific i 1mmunogen1c epltopes of some of these molecules
become masked by the process of posttranslational modifications. Nevertheless, the
production of a number of monoclonal antibodies has been reported and their role in

development and behavioural- alteration 1nvest1gated

One such antibody 411B (Bullock et al., 1987 & 1988) was found to recognize a
170kD chick brain postsynaptic protein and was impiicated in post-hatch neural
development. It ehowed an increased titre 4 days and, even larger increase, 14 days
after hatch. Further, an increased titre of 411B was detected in the rat brain after

haloperidol treatment, indicating an involvement in the mechanism of dopamine
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supersensitivity (Lossner et al. 1988). Recently, Scholey (1991) reported an increased
binding of 411B in dentate gyrus sections of rat brain 8hr after induction of long-term

potentiation. No evidence as regards 411B glycosylation has been reported.

Other monoclonal antibodies that have been raised to subcellular fractions include Mab-
gp5S0 and Mab-gp65 (Beesley et al.,, 1987). The former recognizes two
immunologically related antigens of Mr 45 and 49kD, and the latter, two related
synaptic glycoproteins of Mr 55 and 65kD. Although they were found to be brain
specific, they were not exclusively localizcd at the synapse. Mab-gpSO, for example,
was found to label cell bodies as well as dendrites of both fore- and hind brain. The

Mab-gp65 antigen was, however, relatively enriched at PSDs.

Long term studies- on the development of behavioural alteration in' progeny from
mothers injected'with é.nti-brain antibodies4 have also been éanilcd'out. In one such
" study, rats born to mothers that receivcd anti-hippocampal antibodies exhibited
behavioural deficits in a numbef of conditioning paradigms vsuch as, pa§sivé avoidance
and T-maze learning (Jankoyic, 1985; Karpiak & Rappor‘t., 1975). It is, however, quite
: 'likcly that the effect of these antibodies during embryonic neural devélobnient_ was non-

specific.

Another way of determining whether a particular antigen plays a role in neural plasticity
is by intervention studies. kcsults from scveral rclcvani investigations were cited
above. In those studies, the antigens, with the exception of GM1 aﬁd S-100, were not
identified. However, a number of antibodies have been raised to purified antigens aﬁd
their role in neural plasticity determined. The function of some of these antigens in
other organs is already known. For example, Croiset et al. (1990) demonstrated that

anti-vasopressin antibody when injected intraventricularly immediately after training
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caused inhibition of retention in rats trained on a passive avoidance paradiém. The
response deﬁcit was ndt, however, evident earlier than 6hr posttraining. Also, anti-
GM1 antibody injected intraventricularly immediately after training rats impaired r;lgzc
learning (see, Jankovic, 1985). Antibodies to the same ganglioside were found to affect
learned avoidance response (Karpiak et al., 1978), or, if injection is delayed, the
antiganglioside antibody inhibited memory consolidation, but did not affect learning

(acquisition) (Karpiak et al., 1978).

- As noted before, glycoproteins play an important role iﬁ neural development and
plasticity. The use of antibodies raised égainst membrane-bound élyc_oproteins could
shed more light on their mode of activify. On‘e such rholeculc is the extracellular matrix
glycoprotein ependymin. According to Shashoua (1985), polymerization of ependymin
" in the synaptic junction milieu resulting from a local drop in Cé2+ concentration |
inéréascs synaptic. efficacy (see also, Shashoua et al., 1990). Thus, -injection of anti- .
ependymin antibédy 30min to 24hr after training fish to learn to swim in straight line
when they have a float attached to them caused behavioural deficit. ELISA showed that
the concentration of the antigen in extracellular fluid dropped By 20% in ﬁsh during the |
: acqﬁisition phase of a shock avoidance paradigm (Shashoua & Hesse, 1989). This is -
accompanied by an increased synthesis of the antigen (Schmidt, 19_87)A. The
interference of anti-ependymin in processes leéding to long-term memory consolidation

has also been demonstrated in mice ;rained on a T-maze (Shashoua, 1983).

Thy-1 glycopr_otein, the smallest member of the immunoglobulin family, which is
located almost exclusively at the postsynaptic site, is also implicated in processes
involved in memory formation. Thus, when chicks received intracranial injections of
either polyclonal or monoclonal anti-Thy-1 antibodies 10min before or after passive

avoidance learning, they became amnesic (Bernard et al., 1983; Lappuke et al., 1987).
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Finally, antibody raised to the neuron specific glycoprotéin N-CAM is réportcd by
Nolan and associates (1987a; Doylé et al.,, 1990) to render rats amnesic when
administered 6-8hr after training on a passive avoidan;:c paradigm. Howevér, the
amnesia was only evident 48hr after training. In addition, the injection of the antibody
eaﬂicr than 6hr posttraining did not cause memory deficit. In contrast to N-CAM, the
authors showed that the brain specific anti-protein 2 antibody rendered rats amnesic
when it was administered Smin before training, and no amnesia was observed when
injection was carried out 6-10hr after tréining. Similar results were reported when a.
monoclonal antibody to the neural glycoprotein F-3-87-8 was administered to rats

undergoing paséivé avoidance learning (Nolan et al.; 19870).

In summary, one of the most effective ways to identify and assess the role of neural

glycoconjugates during memory formation and consolidation is by the use of spéciﬁc

antibodies. In general, antibodies serve several functions; first, they show whether the

expression of an antigen is concomitant to or necessary in learning and memory
formation; second, they can be used to examine the time cour;se of suéh expression;
and third, they can be used to map the anatomical and morphological distribution of
the anti_géns. 'f‘hus, we decided to raise a number of antibodies to chick forebrain
antigens, to characterize their antigens. Those that recognized specific antigens of
interest, that is those with molecular weights similar to synaptic glycoproteins which
showed increased fucosylation after training (see Chapter 4), were selected for further

analysis.

MATERIALS

See chapter two for details of materials used in this study.
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METHODS

Preparation of antibodies

In order to raise polyclonal antibbdies, TCA precipitable material from chick forebrain
homogenate was resolved by 1-D PAGE as described in Chapter 2. A small surif; was
cut out from the middle of the gel along the direction of electrophoresis and stained with
Coomassie blue. This was done to ensure that a suitable electrophoretic separation was
achieved. Eight horizontal strips were cuf out of the gels corresponding to the already
established pfotcin peaks that showed increased fucosylation after training (Chapter 4)
that is; Mr 150-180, 100-120, 62-80, 55, 50, 41, 33, and 28k]j and homogenized in
saline .using a teflon- glass‘ homogenizer. Rabbits were injected with Sml of
homogenates and given a booster injection after two weeks. Reguiar injections and
bleeding were fbilowcd alternately at weekly intervals. The polyrherized acrylamide

was used as a substitute for Freund's adjuvant.

’To test their immunc response, rabbits were bléd and the.blood \'avas‘kep.t at 4°C for
48hr to coagulate. It was then spun at'1.5kgn,x for Smin and the serum removed from
" the pellet ﬁsing ﬁ Pasture pipette. The serum was ﬁltered through a sferile Schleicher &
Schnell filter (0.2um pore size) using a Sml sterile éyringc. Forebrain homogenate,
SPMs and PSDs were then resolved electmphoreticaliy and transferreci to nitrocellulose
paper'by Western-blotting: Immunoblotting, according to the method desc_:ribcd in

Chapter 6, was used to test the activity of each serum.

Antibody purification
Purification of total serum IgG was by affinity chromatography using'protcin G-
sepharose columns. Serum was buffered to pH7.0 using 100mM phosphate buffer.

The protein-G-sepharose beads were transferred to a sterile syringe and connected to a
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peristaltic pump which was adjusted to allow a flow of 1ml per mm The column was
washed S times bed-volume with water and equilibrated with 5 times bed volume of
20mM f)hosphatc buffer (pH7.0). The serum (about 10ml/ml of protein-G column) was
run through the column and 1ml aliquots were collected in ice-cold plastic tubes. The
column was then washed with 20mM phosphate buffer (20 times bed-volume).
Aliquots of 1M tris/HCI buffer (55ul, pH9.0) were added to the remaining collection
tubes. Serum IgG was then eluted from the column at a slightly higher flow rate using
100mM glycine/HCl (pH2.7). One milliliter aliquots were used to measure the optical |

density of each fraction. The column was washed with 20 times bed-volume of 20mM

- phosphate buffer (pH7.0) and 20mM phosphate buffer containing 20% cthanol

(pH7.0). It was then sealed and stored at 4°C for reuse.

- A plot of fraction number against absorption was constructed and those fractions

containing IgG were pooled and dialyzed overnight against saline at 4°C. The protein

content of the resulting solution was measured (as described in Chapter 2), and the IgG

- solution was aliquoted into Eppendorf tubes and stored at -20°C. For intervention

studies, the protein concentration of the IgG solution was adjusted to 1mg/ml using

:Minicon™ concentrators (Amicon corporation, USA). To ensure the purity of IgG

preparations, aliquots of eluants werc. electrophoresed on 1-D PAGE and the protein

bands stained with Coomassie blue. Two heavily stained protein bands corresponding

to the heavy (Mr 50kD) and light chains (Mr 25kD) of IgG, were seen.

Passive avoidance training

* Day-old chicks were transferred from the communal brooder and placed in pairs in pens

that were lit with dimmed red light. They were trained and tested 24hr later as described
in Chapter 2. The effect of antibodies on avoidance learning was examined by bilateral
intracerebral injections (10pg/10pl/hemisphere) at specified time-points, before or after

training. Retention scores were compared with those of saline injected birds. The
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statistical method of two-way X was used to measure the level of significant difference
between the two groups. In some experiments pre-immune serum obtained from the

same rabbits was used in place of saline to assess the specificity of raised IgG.

Enzyme linked immunosorbent assay

The principles of solid phase protein coupling and antibody-antigen interactions were
exploited in enzyme linked immunosorbent assays (ELISA). By calibrating the
antibody-anti»gen reactivity, nanogram variations in antigen contents of samples were

detectable. The procedure for calibration and antigen measurement was as follows.

The strength of each antibody was measured by calibration using a range of antigen and
antibody concentrations. To prime microtitre plates, 100l of the coating solution
containiﬂg SOmM carbonate/bicarbonate buffer (pH9.6) were added to each microwell
-and left for 2hr at room tempefature. Plates were thén emptied by shaking and striking |

them against clean tissue papers. To store microtiter plates, they were covered with -

parafilm sheets and kept a room temperature.

Pre-coated plates were loaded with prl aliquots of solutions containing--different
amouhts of antigen (e.g., Img/ml to 1pug/ml) and kept in.a moist box overnigﬁt at 4°C. |
Each assay was in duplicate. Plates were washed S times wiih phosphate buffered
saline (PBS) (pH7.5) containing 0.05% Tween 20. Microwells were bldcked with
.100ul PBS, containing 0.05% Twe_c;l 20 and 3% BSA (W/v), for 1-2hr at room.
temperature. Plates were then washed twice with PBS and loaded with 50u1 aliquots of
wash buffer containing varying amounts of antibody (e.g., 1:100 - 1:1000 dilution).

Plates were then covered and kept at room temperature for 4hr in a moist box.

Plates were washed 5 times and loaded with 50ul aliquots of horseradish peroxidase

(HRP)-conjugated anti-rabbit antibody (1:500 v/v, in wash buffer) and left covered for
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3hr at room temperature in a moist box. They were then washed 5 more times and
loaded with 50ul of HRP substrate, O-phenylene diamine dihydrochloride, in 100mM 'A
citrate buffer (pHS5.0) containing 0.02% H,0,. The time taken for optimuﬁa colour
development was recorded and the reaction was stopped by adding 2M sulphuric acid.

The optical density was measured at 496nm.

The first track of each plate was loaded with wash buffer instead of antigen solutions to
provide a blank reading. The second track was loaded with the highest concentration 6f
antigen and no primary antibody solution was added. This controlled for interaction
between the antigen and secondary antibody. A calibration plot of absorption agaihst
antigen concentration at different antibody concentrations was drawn. From the graph
an optimum concentration of antibody for a given rénge of antigén expression in the
linear portion of the curve was selected and used in behavioural experiments in which
the variations in antigen immunogenicity between MeA-trained and W-trafncd birds

were examined.

Chick brains were freshly prepared and dissected on ice as described in Chapter 2.
Four different regions, left and right forebrain roof, and left, aﬁd right forebrain base
were obtained and their R15 antigen titers tested 6hr and 24hr after tfaining. After
dissection, brain tissues were rapidly homdgenizcd in Tris buffered saline containing
0.01% phenylmethylsulfonylfluoride (PMSF), 1ug/ml leupeptin and SmM
ethylencdiaminetetraacetic a(.:id (EDTA) (pH7.6). The protein concentration of samples
was adjusted to 1mg/ml and they were then stored at -70°C. By standardizing the
protein contents of sﬁmples before ELISA smaller variances between duplicate readings

were obtained.
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Immunocytochemistry
. Immunocytochemistry was carried out at both light and electron microscopic levels LM
and EM respectively). An indirect method of immunolabelling involving HRP-

conjugated anti-rabbit antibody was used.

1. LM immunocytochemistry : Freshly dissected forebrains were dipped into dry
ice-cooled isopentane for 5sec and remove_d with a pair of forceps. They were then
either kept at -70°C or mounted on a Cryostat platform and brain slices of 20um
thickness cut at -20°C. Slices were laid on poly-L-lysine coated microscope slides énd
kept at -70°C pending further processing. Tissue sections were fixed with acetone for a
total of 10min and washed 3 times for 15min in 100mM PBS (pH7.4). En&ogenous
peroxidase activity was blocked by treating the sectioﬁs with 15% H,0O, for 15min. |
Sections were wéshcd as before and placed in block solution. for 1hr. The block
solution was PBS (pH7.4) containing 20% non'hal goat serum. Sections were then
washed and overlaid with either primary- antibbdy (R15, 1:250) or pre-immune serum -
(1:250) or block solution. Dilutions of R15 were made in the block solution. The latter
two condition§ were set up to examine the specificity of R-15 labelling. Sections were

then kept in a moist box overnight at room temperature.

On the following day, sections were washed 3 times and secondary antibody, HRP-
conjugated goat anti-rabbit (1:250), was added to the sections for 3hr. Sections weré
washed 3 rnbre times and overlaid w1th substrate solution (diaminobenzidiné (DA_B)).
DAB (0.05% w/v) was freshly made in TBS containing 0.03% H,0, (pH7.4).
Preparations were fully developed within 10min. The reaction was quenched by several
washes with PBS. DAPI (4,6-diamido-2-phenylindole) (1% sqlution) a fluorescent
reagent specific for the cell nucleus, was kthen used on some sections as a counter stain.
The appearance of different areas of forebrain and cerebellum were recorded using an

Axiophot™ microscope (Zeiss, Germany) fitted with fluorescent filters. Sections were
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then dehydrated gradually by passing through 30%, 50%, 70%, 80%, 90% and 100%

ethanol and preserved using DPX Mountant ™ (BDH).

II. EM Immunocytochemistry : In order to establish the optimum conditions for
tissue preparation and antibody-antigen interactions several procedural variations were
examined. The IMHYV and cerebellum from day-old chick brains were dissected out
using a brain mould. Small tissue cubes (1mm3) from these structures were rapidly
prepared and immersed in a freshly prepared fixative solution consisting of 4%
paraformaldehyde and 0.1% glutaraldehyde in 0.1M phosphate buffer (pH7.4) for 1hr

at room temperature. The following sieps were then taken:

A. Osmication : Samples were osmicated by placing them in a phosphate buffef 0.1M)
containing 1% osmium tetroxide for 1lhr at room temperature. This was done to
preserve membrane integrity and maintain a high level of ulfrestructural detail.
However, since the effect of osmium on antigen presentation was unknown in our

system, samples were divided in two portions with one portion not being osmicated,

B. Dehydranon Samples from both portions were dehydrated through a graded series
of 25% to 100% ethanol.

C. Embedding : Various resins were used to embed the samples. This was done to
assess which type best preserved a"ntigen immunogenicity. Samples were first
immersed in a 50% resin solution for 4hr, and then transferred into neat resin solution
with two to three changes. Resins used were: Polarbed (polymerization at 60°C for
24hr), LR White (polymerization at 50°C for 24hr), and Araldite (polymerisation at
60°C for 24hr).

D. Ultrathin sections (approximately 100nm thickness) were cut on a Reichert™ OMU4
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ultramicrotorhe and collected on 200 mesh copper grids coated with carbon/formvar

(polyvinyl formal) film (BioRad).

E. Etching : The surface resin was etched off from the surface of Polarbed and Araldite
resin embedded sections using 10% H,O, treatment for 10min. This and the following

steps were performed in duplicate by placing the section side of grids onto 201 drops

oof appropriate reagents held on parafilm. Before placing grids onto the next reagent,

they were blotted on a piece of filter paper without touching the sections themselves.
The subsequent immunocytochemical procedure was essentially the same as that

described under LM immunocytochemistry.

Etched sections were washed 3 times with double distilled water (DDW) for 15min
before immunoblotting: They were then blocked with 1-5% solutions of bovine serum

albumin (BSA) in PBS (pH7.4) for 30min at room temperature. In a number of studies-

" 1% Tween 20 was included in the block solution. Sections were overlaid with R15

(1:2, 1:5, 1510, 1:50, 1:100, and 1:1000 dilutions) or prc-imniuric serum '(1':5," 1:10,
and 1:50 dilutions) made in the block solution and incubated overnight at 4°C, or at
room temperature for 2hr, in a moist atmosphere. Samples were then washed 3 times in
block solution for 15min, and transferred to 20ul drops of protein A/gold solution
(15nm diameter gold particles) at 1:50 dilution made in block solution for lhi at room
temperature. Samples were washed as.before and then stream-washed with DDW for
30sec and air-dried. Scctions- were stained with aqueous uranyl acetate and lead citrate
in an LKB Ultrastainer™ and examined under a JEOL 100S transmission electron

microscope.
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RESULTS

In this study 19 rabbits (R) were injected with different putative glyéoproticin
components resolved by SDS-PAGE. Results from the serum activity of RO, R2, R4;
RS, R6, R10, R11, R13, and R15 on chick forebrain TCA precipitable material
(homogenate), SPMs, and PSDs are presented in Fig. 5.1. Each serum contained a
different combination of antibodies recognizing different epitopes on Western blots.
R2, R13, and R15 showed a high degree of specificity by labelling a small number of
epitopes. R2 strongly recognized a protein component of Mr 90kD and several other
protein components. R13 and R15 were, however, more specific; R13 recognized a

doublet of Mr 49 and 55kD, and R15 recognized a single protcin-band of Mr 60-62kD.

'_"It was, therefore, decided to purify the R15 IgG by affinity chromatography and
examine its affinity. Fig. 5.2 shows the result of purified R15 immunolabelling on
homogcxiatc, SPMs and PSDs. In order to control for the specificity of R15 labelling,
paralle] immunoblots were run in the presence and absence of pre-immﬁne serum aﬁ

primary antibody. R15 was found to have retained its affinity for the 60-62kD protein

component.

In order to establish whether R15 antigen is fucosylated, homogenate, SPMs and PSD
- component were resolved on 1-D gels and transferred onto nitrocellulose paper as
described in Chapter 6. The lectin Ule:x Europaeﬁs Type 1 (UEA.I) was used on one
blot to label fucosylglycoproteins while, R15 was used on the other blot to label the 60-
62kD component. Fig. 5.3 shows that the protein component recognized by R15 (5.3a)
also showed a high affinity for UEA.I (5.3b). It was, therefore, concluded that the R15

antigen was a fucose-containing glycoprotein.
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Figure 5.1 : The patterns on Western blots of chick forebrain antigens recognized by
various rabbit sera containing different polyclonal antibodies.
TCA precipitable material (homogenate) resolved by 1-D PAGE was divided
into 8 major molecular weight bands, homogenized and administered to rabbits
as described under Methods. Each blot contains, from left to right, standard

molecular weight markers, homogenate, SPM and PSD samples.
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Figure 5.2 : Immunoblotting patterns of homogenate (H), SPM (S) and PSD (P)
samples.
Part (a) shows an immunoblot using pre-immune serum; part (b) shows the
same blot in the absence of primary antibody; (¢) shows an immunoblot using
R15. The antibody recognized a Mrl40kD protein in the homogenate and a 60-

62kD protein in SPMs and PSDs.
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Figure 5.3 : Pattern of R15 antigen recognition (a) alongside that of fucosylglyco-
protein occurrence (b) in chick forebrain detected using UEA.I a fucose-specific
lectin.

The R15 antigen was shown to co-migrate with a 60-62kD fucosylglycoprotein
in SPMs (S) and PSDs (P). This was apparently absent in the homogenate (H).

Mr, standard molecular weight marker.
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Effect of RIS on passive avoidance learning

Two groups of chicks were trained on MeA beads and were given bilateral intracerebral
injections of either R15 (10]ig IgG/IOp-1/hemisphere) or saline (10[il/hemisphere). In a
parallel study, two groups of MeA birds were given bilateral intracerebral injections of
either pre-immune serum (10fig protein/1 Op-l/hemisphere) or saline (I0pl/hemisphere).
The latter study was carried out to examine whether pre-immune serum interfered with
memory processing. Four injection time-points were chosen, 1.5hr before, 30min

before, 30min after, and 5.5hr after training. All chicks were tested blind 24hr after

training.

Fig. 5.4 shows that 44% of chicks injected with R15 30min before training showed
retention 24hr after training. This contrasted with the 81% retention seen in saline-
injected birds. A similar result was obtained from chicks that received R15 30min after
training (44% retention). However, no results were obtained from the corresponding
saline injected birds since, 24hr afrer training, saline injected birds showed signs of
illness, and consequently were not tested. No clear explanation for this finding was
apparent although the possibility of saline contamination was not ruled out. No
statistical tests were carried out for this time-point. The retention values of R15 injected
birds for other time-points were similar to those that received saline. Chicks injected
with R15 were inspected several times after injection and before test; no visible
behavioural side-effects were seen throughout the entire period. Also, 24hr after
training the avoidance scores of saline injected birds were similar to those that received

pre-immune serum injections.

In order to assess whether R15 injection influenced the pecking tendency in chicks the
percentage of pecks during pretraining was calculated in both the saline- and R15-
injected groups. Results are shown in Table 5.1. R15 injection did not seem to increase
chicks' tendency to peck when compared, either with saline-treated groups, or those

that received the antibody after training.
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Number Agentinjected  Injection Time-point Percent pecking
1 R15 -lhr 88
2 Saline -lhr .90
3 R15 -30min 90
4 Saline ~ -30min 91
5 R15 +Shr 81
6 Saline +5hr 90

“Table 5.1 : The percentage of pecks during pretraining. Chicks were pretrained and
trained on passive avoidance task and: given: either saline or R15 injections
before or after training. Each group consisted of 16-70 birds. -, before training;

+, after training.

Enzymé linked immunosorbent assay

ELISA was used to assess whether the immunogenicity of R15 antigen was affected
during icaming and memory formation. Two time-points, 6hr and 24hr after training,
and four different brain regions, forebrain roof (left and right) and forebrain basé (left
and right) chosen to test possible regional variations were used. ELISA was carried out

on tissue homogenates. The number of birds used in each W and MeA group ranged

between 18 to 21.

Fig. 5.5 shows results of an R15 calibration experiment. The antibody was found to be
sensitive and, therefore, a 1:500 dilution that gave relatively a wide range of linearity
was chosen for the next experiment. For this dilution, 1.25ug of antigen was used in

each microwell.
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Figure 5.4 : The effect of R15 on passive avoidance learning.
Day-old chicks were trained and given bilateral intracerebral injections of saline
(control) and R135 at different times before or after training. All chicks were

MeA-trained and tested 24hr after training. The number of birds used in each

_ condition is given in each bar. *p<0.001.
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Absorption (496nm)
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Figs. 5.6a&b and Table 5.2 show the results of R15 antigen immunogenicity 6hr and |
24hr after passive avoidance leaming. As can be seen, 6hr after training, the R15
absorption in MeA birds was significantly higher- than in corresponding control groups
in all four brain regions studied. By 24hr, however, this relationship was reversed; all
MeA birds exhibited a large drop in R15 absorption-as compared W birds. When
studying R15 absorption of control groups at the two time-points (Fig. 5.7b), and also
the experimental groups at the two time-points (Fig. 5.7a), the relative changes in

absorption were seen to be much larger in the latter rather than former the groups.

Cellular and sub-cellular localization of R15 antigen

Results for both forebrain and cerebellum areas at different magnifications are shown in
Figs 5.8-5.10. In the cerebellum, Purkinje cells and the molecular and Granular cell
layers were strongly labelled by R15 (Figs. 5.3.10a & b). In the forebrain; structures
like hippocampus and hyperstriatum ventrale, neostriatum and LPO were also strongly
and uniformly labelled vby the antibody (Fig. 5.8a-e). The staining patterns in the optic
lobe was very regular with major identified layers (Karten & Hodos, 1967) like stratum
album centrale (SAC), stratum griseum centrale (SGC), stratum griseum et fibrosum
superficiale (SGF) and stratum opticum (SO) showing strong affinity for R15 (Fig.
15.9a). Nucleated structures, such as nucleus isthmi, pars magnoceilularis (IMC) and
nucleus isthmi pars parvocellularis (IPC) in this region, were characteﬂsﬁCally labelled
by R15 (Fig. 5.9b). To test the specificity of R15, a negative control (pre-immune
serum) was used in paralle} with the @ﬁb@y and showed no labelling (Fig. 5.8c);
Also, the affinity of secondary antibody (horseradish peroxidase-conjugated goat anti-
rabbit IgG) was tested by excluding primary antibody during immunocytochemistry,

and again no labelling was observed.
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Figure 5.6 : The effect of passive avoidance learning on R15 immunoreactivity
absorption 6hr (panel a) and 24hr (panel b) after training.
Dark-shaded bars, MeA birds; light-shaded bars, W birds. FBR, forebrain roof;
FBB, forebrain base; L, left; R, right; *p< 0.03; **p<0.005; ***p<0.0005
between W and MeA groups; *p<0.03 between FBBLM and FBBRM; tp<0.03

between FBBLW and FBBRW.
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Fig. 5.7a
Absorption Values at 496nm, 6&24hr posttraining, MeA chicks (x10exp-3)
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Figure 5.7 : Comparison of immunoreactivity absorption of MeA birds (panel a) and W
birds (panel b) at 6hr and 24hr post-training times.
Dark-shaded bars, 6hr posttraining, light-shaded bars, 24hr posttraining. FBR,

forebrain roof; FBB, forebrain base; L, left; R, right. **p<0.0005.
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Panel a

Figure 5.8 : Structural localization of R15 antigen in day-old chicks brain (panels a, b
and c).
The pattern of nuclear labelling by DAPI counter-stain is shown in panel d.
Results of pre-immune serum labelling suggested that the labelling pattern
obtained when using R15 was exclusively due to the antibody (panel e). APH,
Area parahippocampalis; Hip, hippocampus; HV, hyperstriatum ventrale; N,

neostriatum; NC, neostriatum caudale. Scale bar 500pm.
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Figure 5.9 : The pattern of R15 immunolabelling in the optic lobe showing at least 13
major layers in this structure (panels a & b).
Immunocytochemical localization of R15 antigen in area IMC at higher
magnification and nuclear counter-staining by DAPI is shown in panel c. Cell
body, nuclear and occasional neural processes labelled by R15 are evident.
IMC, nucleus isthmi, pars magnocellularis; IPC, nucleus isthmi pars
parvocellularis; SAC, stratum album centrale; SGC, stratum griseum; SGF,

stratum griseum et fibrosum superficial; SO stratum opticum. Scale bar 500pm.
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Figure 5.10 : The pattern of R15 immunolabelling in cerebellum.
Purkinje cell layer (P), molecular layer (M) and granular layer (G) are positively
labelled. Purkinji layer cells gave a relatively high degree of staining (panel a).
Nuclear counter-staining is also shown in this structure (panel b). Pia, pia mater.

Scale bar 500pm.
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Panel a

Panel b
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Sample Absorption sem MeA/W (%)
FBRL MeA (6hr) 1170* £14.5 105.1
FBRL W 1113 +20.1

FBRR MeA 1141%* £18.8 108.5
FBRR W 1052 +27.2

FBBL MeA 1168** +12.1 106.5
FBBLW 1097 £18.8

FBBR MeA 1125%* +13.8 109.9
FBBR W 1023 £25.3

FBRL MeA (24hr) 971 £16.1 85.7
FBRL W 1133 +19.3

FBRR MeA 1003*** +20.3 8&5
FBRR W 1133 £15.8

FBBL MeA 997 £16.4 87.3
FBBLW 1136 £13.1

FBBR MeA Eyy +24.3 873
FBBR W 1119 +18.0

Table 5.2 : R15 absorption obtained by ELISA 6hr and 24hr after training chicks on
passive avoidance paradigm.
1.25pg/50pl antigen was used per microwell. This was overlaid wim R15 at a
dilution factor 1:500. Statistical comparisons (Student t test) were carried out on
test and control groups from corresponding forebrain regions for each time-
point. FBR, forebrain roof; FBB, forebrain base; R, right hemisphere; L, left

hemisphere; . *=p<0.03; **=p<0.01; ***=p<0.0005.
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Under the light microscope the antibody recognized cell nuclei/nuclear envelope. In fact
when DAPI, a specific fluorescent nuclear stain, was used on R15-treated slides, the
labelling patterns were found to differ from those of R15. Under close inspection
(magnification 400X), the nuclei stained by R15 were also seen to have been labelled
by DAPI. However, as seen in Fig. 5.9c, R15 labelled only a specific subset of nuclei,

implying that its antigen is distributed rather specifically, depending on the cell type.

The best EM immunolabelling was obtained when immersion fixed (4%
paraformaldehyde, 0.1% glutaraldehyde) IMHV and cerebellum samples were
osmicated (1%), embedded in LR White and left unetched. Immunocytochemistry was
then carried out using PBS buffer solution containing BSA (5%) and Tween 20 (1%)
(pH7.4) throughout the procedure. R15 at a dilution factor of 1:10 gave the highest
labelling density. No non-specific labelling was observed on the resin itself. The
labelling of the nuclei was interpreted as partially non-specific since protein A/gold
particles are known to have a tendency to adhere to cell nuclei. Pre-immune serum used
in parallel with R15 did not recognize any antigen. Results of the EM study are shown
in Figs 5.11-13. Medium density labelling of tissue was seen mainly on membranes of
axons and dendrites with the occasional labelling of synaptic membranes and
postsynaptic densities. Since it was difficult to precisely localize synaptic clefts on most
micrographs, it was not possible to ascertain whether R15 differentially labelled
symmetric and asymmetric synapses. However, R15 labelled only a subset of
presynaptic and postsynaptic membranes which suggested a specific distribution of
R15 antigen. There was also a small amount of label in the cytoplasm of axons,

dendrites and boutons.
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Figure 5.11 : Electron micrographs of IMHV from day-old chicks immunolabelled
with R15 (panel a), and pre-immune serum (panel b).
Protein A/gold label was seen on the membranes (M), synaptic membranes
(SM), and occasionally cytoplasm (C). Results of pre-immune serum labelling

suggested a high binding specificity for R 15. Scale bar 200nm.



Chapter 5: R15 179

%

Panel a

%

>

Panel b



m" mMm

Panel a

msmmm

- fp'j
H#*S m' T>T
\ &

o A
Panel b

Figure 5.12 : Electron micrographs of cerebellum from day-old chicks immunolabelled
with R15 (panel a), and pre-immune serum (panel b). AX, axonal membrane;

for other symbols see Figure 5.11. Scale bar 200nm.
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Figure 5.13 : Electron micrographs of IMHV (panels a) and cerebellum (panel b) from
day-old chicks immunolabelled with R15. The concentration of label in

postsynaptic density (PSD) was evident. V, vesicle; SM, synaptic membrane; S,

spine. Scale bar 200nm.



Chapter 5: RIS

DISCUSSION

This study showed that the R 15 was relatively a specific antibody recognizing a single
protein component of Mr 60-62kD in SPM and PSD fractions. Comparison between
patterns of UEA.I-binding proteins and R15 immunolabelling suggested that R15
antigen was fucosylated. Immunocytochemistry showed that the antibody was capable
of labelling cell bodies in both cerebellum and forebrain. At EM level, the pattern of
immunolabelling showed that R15 antigen was mainly membrane-bound and
distributed through axons and dendrites. But more significantly, the antibody labelled
specific presynaptic membranes and postsynaptic densities. This, in the light of its
amnestic potency suggested that, after intracerebral injection, R15 targeted synaptic

antigens, adhered to them, and consequently, disrupted their biological functions.

The patterns of R15 labelling at EM level seemed to be comparable with the labelling
patterns of monoclonal antibodies Mab-gp50 and Mab-gp65 (Beesley et al., 1987), and

those of monoclonal antibody 411B reported by Bullock and colleagues (1987).

Twenty-four hours after passive avoidance learning, bilateral intracerebral injection of
purified R15 IgG rendered chicks amnesic when the antibody was injected 30min
before, and possibly 30min after training. Bilateral injection of pre-immune serum
given to trained birds Ihr and 10min before training, and Shr after training did not
cause amnesia at 24hr posttraining. The retention scores were 69%, 68%, and 100%
respectively. It was, therefore, concluded that R15 specifically caused amnesia in birds

that were injected 30min before training.

In the light of several reports that anti-brain antibodies caused convulsion and/or
induced epileptiform neural activity {in vitro) or altered cortical EEG patterns

(Jankovic, 1985), chicks injected with R15 were closely observed for possible
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behavioural side-effects. No such effects were observed.

Equally important, R15 did not seem to alter chicks tendency to peck. However, these
results only gave an indication of tendency to peck during training and not during the
test; the antibody might have triggered a disinhibition mechanism by the time that chicks
were tested for retention. One way to address this problem was by injecting two groups
of water-trained birds with R15 and saline, 30min before training, and testing them
24hr later. Any discrepancies in percentage of pecking would then be attributable to the
antibody. The effect of a polyclonal antibody (R14) on pecking was recently studied by
Scholey (1991) who found no observable changes in chicks behaviour. This antibody

was raised to chick forebrain homogenate in a similar way to R15.

R15 antibody at 10pg/hemisphere induced partial amnesia; during retention testing 58%
of MeA birds pecked at the bead. However, the dose response effect of R15 needs to
be investigated and could be done by bilateral injection of different concentrations of

R15 at 30min before training and recording of birds' retention 24hr later.

The time-course of amnesia induction by R15 warrants further investigation. In the
above study, birds given bilateral injections of R15, were tested 24hr after training.
However, amnesia may become manifest sometime earlier than 24hr. Knowledge of the
time-course of R15 activity would indicate whether it inhibits neural mechanisms
involved in short, intermediate, or long-term memory. For example, in contrast to anti-
N-CAM antibody that induced amnesia when rats received the injection between 6-8hr
posttraining (Nolan et a., 1987a), the brain specific anti-protein 2 antibody rendered the
animals amnesic when it was injected minutes before training (Nolan et al., 1987a;
Doyle et al., 1990). This indicated that these antibodies interfered with different

processes involved in memory formation and consolidation.
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ELISA showed that in all four brain regions, R15 antigenicity increased significantly
6hr after passive avoidance learning, but by 24hr there was a significant drop in R15
absorption in MeA chicks. Further investigation would show the exact timecourse of
the turnover rate of R15 antigen. This can be achieved by measuring R15 absorption
Ihr, 3hr and 12hr after training. It is evident, however, that R15 antigen is significantly
expressed during the first wave of glycosylation which occurs immediately after
training to 6hr posttraining time (Zamani & Rose, 1990). It seems that R15 antigen
undergoes an early phase of up-regulation followed by another phase of down-
regulation. It might, therefore, function as a regulatory molecule such as membrane-
bound receptor or enzyme. Cell suiface glycosyltransferases that are themselves
glycosylated have been identified whose expression is necessary for normal cellular

functions such as intercellular contact (e.g., Sadler, 1984).

The use of rather large areas of the forebrain for ELISA might have masked possible
localized changes such as in the IMHV, LPO and PA. Absorption analysis of these
structures would show whether variations in immunogenicity of the R 15 antigen after
training is concentrated in any specific brain structure(s), and also whether the effect is
lateralized. Results from above study indicated that 6hr after training R15 absorption of
left forebrain base were significantly higher than those of right. However, a similar
trend was observed in W-trained birds. Therefore, unless more absorption analyses are

carried out on specific brain structures the question of lateralization remains equivocal.

In order to ascertain whether passive avoidance training results in differential
expression of R15 antigen between presynaptic membranes and postsynaptic densities
quantitative protein A/gold immunolabelling could be used. Results from such
experiments would also show whether posttraining expression of R15 antigen is

lateralized in different brain structures.
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Considering the results from Chapter 4, it is likely that antibody R15 recognizes one of
the immunogenic epitopes of the 62-80kD glycoprotein band. It showed a significantly
increased fucosylation in LPO 6hr after training, and a significant drop 24hr later.
However, no such increase was observed in the IMHV 6hr after training. No data is

available from LPO at 24hr posttraining time.

There are contradictory reports concerning the half-life of IgG molecules in the brain. It
is thought that they remain intact for at least several hours after injection and slowly
diffuse to other regions. Recently, Scholey (1991) studied the rate of diffusion of a
purified IgG in the chick brain and found that, Ihr after injection of the antibody into
the IMHV, by far the greatest amount of [gG was still detectable in this same structure.
No data is available at later time-points. It is therefore possible that several hours after
injection, IgG diffuses to other areas, such as LPO, which are implicated in memory
formation and recall (Patterson et al., 1990). In parallel with the IMHV, LPO shows
similar neurochemical, molecular and morphological changes consequent upon training
(see Chapter 1). This structure was also implicated in our fucose double-labelling study
(see Chapter 4). The direct injection of R15 into LPO may determine whether its

antigen plays a role in the formation of memory (or recall) shortly after injection.

In conclusion, the results reported here further illustrate that neuroimmunological
techniques are powerful tools in studying neural mechanisms underlying cognitive
processes. The use of monoclonal antibodies to target highly specific epitopes make
these techniques doubly powerful. Recently, Jork and associates (1991) investigated
the role of a particular antigen in rats trained on a brightness discrimination task. They
used a monoclonal antibody that recognizes a specific oligosaccharide chain containing
a fucose(al->2)galactose linkage and found that it impaired retention, but not learning,

of the task. This further emphasized the important role that certain classes of
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fucosylglycoproteins play in neural processes involved in memory formation and recall.
It remains to be seen whether R15 recognizes an oligosaccharide chain or a polypeptide
chain epitope. In principal, ir vitro application of exo- and endo-glycosidases such as
chick a-fucosidase and endo-glycosidase-H in combination with immunoblotting

techniques will elucidate this point.

In order to ensure that the mechanism of action of R15 IgG is specific for neural events
involved in memory processing, it is important that it is tested for state-dependency. If
R15 function is not state-dependent, intracerebral injection of the antibody 23.5hr after
training (i.e., 30min before test) will not lead to increased avoidance. This experiment
must be carefully controlled. Thus, four groups of MeA birds would be required in this
experiment. Each group is given two sets of injections, one 30min before training, and
the other 23.5hr after training. Group A is given saline injections on both occasions,
group B, saline and R15 injections respectively, group C, R15 on both occasions, and
group D, R15 and saline injections respectively. If R15 function is not state-dependent,
the retention scores of birds in groups C and D tested 24hr after training should be
identical (both groups should be amnesic). Further if birds in group B showed a
significant decrease in their retention (i.e., they pecked at the dry bead), it may be
argued that the antibody inhibited recall mechanisms since, by 24hr posttraining, neural

processes involved in memory consolidation are expected to be completed.
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CHAPTER SIX

IDENTIFICATION AND CHARACTERIZATION OF GLYCOPROTEINS
USING SPECIFIC PROBES AND TWO-DIMENSIONAL GEL
ELECTROPHORESIS

INTRODUCTION

In previous chapters the role of fucosylated glycoproteins in neural mechanisms
underlying information processing was studied (see Chapters 3, 4, & 5). The majority
of these molecules are also extensively glycosylated with other types sugar molecules
such as, mannose, galactose, N-acetylglucosamine (GlcNAc), N-acetylgalactosamine
(GalNAc), and N-acetylneuraminic acid (NANA). In most cases the intact carbohydrate
chain structure of these macromolecules is essential for a full manifestation of
glycoprotein function in situ. It is therefore appropriate to try and analyse the
oligosaccharide contents, sequence and structure of these macromolecules. One such

method is to use lectins.

Lectins and their application

Lectins are proteins or glycoproteins (Mr 8.5kD-4001cD) that have special binding
affinities for membrane bound glycoconjugates (for a review see Sharon & Lis, 1989),
They are found across almost all living species, from micro-organisms (viruses,
protozoa, bacteria) to plants (grains and legumes) and animals (both invertebrates and
vertebrates). Lectins are not, however, distributed uniformly across species. For
example, most invertebrate lectins have specific affinity for NANA (e.g., horseshoe

crab contains Limulus polyphemus).
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Although lectin binding is sugar specific, they may require the presence of other sugars
in the carbohydrate chain of the substrate or have different affinity for the same sugar
depending on its position in the chain. For example, two mannose specific lectins from
pea and lentil require the presence of a fucose linkage to the innermost asparagine-
linked GlcNAc residue of the oligosaccharide chain. Binding of the lectin concanavalin
A (Con. A) to mannose is, on the other hand, not affected by the presence of fucose.
Instead, it has about 130-fold stronger binding with the trisaccharide
mannosea3(mannose a6)mannose, than with methyl a-mannoside. Most lectins
require metallic ions such as Mn"+ and Ca”+ for activity (e.g.. Con. A). Lectins are
widely used in clinical research laboratories because they offer many advantages
including high specificity, stability and formation of reversible linkages (see Sharon &

Lis, 1989).

Lectins have been used to show that many neuronal membrane receptors are
glycosylated [e.g.. Acetylcholine receptor and opiate receptors (Richter et al., 1991)],
and that the cell membrane is fluid such that it allows its protein/glycoprotein
constituents to form clusters. Lectins have also provided evidence for the presence of
glycoproteins on intracellular membranes. They are located mainly on the non-
cytoplasmic (luminal) surface of subcellular organelles such as mitochondria, rough
endoplasmic reticulum, Golgi apparatus and nuclear envelope. A recent and rapidly
growing application of lectin” in the area of neuroanatomy is their use as tracers for
mapping neuronal connections. The general methodology is based on the injection of
the lectin into a specified site in the nervous system such as a region of neuronal
terminals. The lectin is then taken up in vive and transported axonally either to the
axonal terminal or the nerve cell body. The lectin is usually conjugated with horse
radish peroxidase (HRP), or radioisotopes. Phaseolus Vulgaris Leuko agglutinin, an

anterograde tracer is, however, used non-conjugated. Visualization is carried out by the
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us of biotinilated anti-phaseolus antibody and horseradish peroxidase-conjugated

avidin.

Two-dimensional gel electrophoresis

One other powerful way of identifying and characterizing neuronal
proteins/glycoproteins is two-dimensional polyacrylamide gel electrophoresis (2-D
PAGE). It has been claimed that this technique enables the detection of up to 1100
different solubilised protein species on a single gel (G'Farrell, 1975). It this study, it
was decided to exploit the properties of lectins and the power of the 2-D PAGE
technique simultaneously in order to characterize in more detail those glycoproteins that

exhibited significant fucose incorporation after passive avoidance learning.

METHODS

Glycoprotein visualization

In order to increase the sensitivity of labelling, proteins resolved by both one- and two-
dimensional PAGE weie transferred to a high protein-binding nitrocellulose paper (by
Western blotting). This procedure was based on methods described by Towbin et al.
(1979), Hawkes (1982), Gordon-Weeks and Harding (1983), and Symington et al.
(1981). After PAGE, gels were placed into transfer buffer which consisted of Tris
(25mM, pHS.3), glycine (192mM), and methanol (20%) for up to 30min in order to
allow the gels to shrink. They were then placed in a sandwich consisting of plastic
frames, sponge sheets, filter papers, and nitrocellulose paper. This experimental set-up
is shown in Fig. 6.1. Care was taken to remove air bubbles trapped between the gels
and nitrocellulose papers. All sandwich components were kept wet throughout the
procedure. The transfer of proteins took place under 200mA constant current for 1.5hr

for mini gels and 4hr, for large gels. The Western blot equipment was kept in an ice-
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water mixture during this period. At the end of the run the unbound surface on
nitrocellulose paper' (i.e., the area of the paper that did not contain tranéferred proteins)
was blocked ‘by either Tris buffered saline (TBS)(pH7.4), containing Ca2+ (1mM) and
Mg2+ .(lmM), and Tween20™ (0.05% v/v), when identifying fucosylglycoproteins, or
TBS containing Ca2* (1mM), Mg2+ (ImM), Tween20 (0.05%), and bovine serum
albumin (BSA) (3% w/v), when identifying mannosylated glycoproteins. When
identifying sialylated glycoproteins, Mg2+, Mn2+, and Ca2* (1mM each) were added to
the TBS. Blots were blocked for at least 1hr at room temperature while being gently
agitated on a rocker. Block solution§ were then replaced w1th ffesh biock .solutions
~containing lectin. Blots were incubated for at least 3hr at room temperature on the
rocker. They were then waShe_d 3x20min in block solution and overlaid with ei;ﬁer
horseradish peroxidase (HRP)-conjugated anti-Ulex Europaéus type I (UEA.I)
. antibody or HRP-labelled avidin (see Table 6.1). Blots wé;'e then incubated overnight at
4°C. | -

The final staining step was preceded by 3 wﬁshcs as described above. The substrate
used for HRP was diaminobénzidine tetrahydrochloride (DAB). It §vas dissolved fresﬁ
in TBS (0.05% w/v) and H,0O, (0.015% v/v) was adde.d‘to the solution just before
visualization. Colour developed within 5min. The reaction was quenched by washing
the blots wi_th double distilled water (DDW) several times. Blots were then air-dried and

prepared for photography.

In some experiments anti-glycoprotein antibodies such as anti-N-CAM antibodies were
used. Here, skimmed milk powder solution (5% w/v) was added to all wash, block and

overlay solutions except the last wash before visualization.
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Fig. 6.1+ A schiematic diagram of Western blot Sali_dwich,' S

+ positive electrode; _ negative electrode.
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Two dimensional gel electrophoresis ‘

Two-dimensional sodium dodecyl sulphate polyacrylamide gel electrophoresis (2-D
PAGE) was carried out using the techniques described by O'Farrell '( 1975), O'Farrell et
al. (1977), and Rodnight et al. (1988).

1. First dimension : Protein samples to be resolved by 2-D PAGE were denatured
usihg a urea-based lysis buffer contairﬁng urea (9.5M), lysine (12.5mM), Nonidet P-40
(NP-40) (5% v/v), bromophenol blue (BPB) (0.005%), 2-B-mercaptoethanol .(2%),
and ampholines (1.6% pH range 5-8 and 0.4% pH‘ range 3-10). Samples were nst
heated because temperaturss above 45°C cause the decomposition of urea. The final

protein concentration in the lysis buffer was 2mg/ml.

Isoelectric focusmg (IEF) gel solutions for the ﬁrst dimension consmted of acrylamxde
(3.5% wiv), ampholmes (1.6% pH range 5-8 and O 4% pH range 3 10), urea (9. SM)
and NN -mgthyleneblsacrylamlde (0.12%) and N,N,N’,N’-tetramethylethylene- h
diamine (TEMED) (0.08%). This mixture was degassed aﬁd aﬁquofs were stored at -
20°C under N,. NP-40 (4% v/v) was added after degéssiﬁg to prcvent frofhing.
Ammonium persulfate (0.1% final concentration) was used to catalyse acrylamlde
polymerization. The IEF solution was drawn i mto glass rods of 2.6mm internal diameter

with a syringe. Polymerization was carried out at 37°C.

Before running, the IEF gels were loaded with 20ul of a "prerun” solution consisting of
9.5M urea, 2% NP-40, 2% ampholines (l.6pr 5-7 and 0.4% pH 3-10), and 5% 2-B-
mercaptoethanbl., They were run at 200volts, 300 volts, and 400volts each for 15min
using 50mM degassed NaOH as upper tank buffer and 25SmM H3PQy as lower tank
buffer. At the end of the run the prerun buffer in IEF rods was replaced with 20-100ul
of solubilised sample solﬁtion. Rods were then loaded with 20-40yl of overlay buffer -
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containing 8M urea, 1% ampholines (0.8% pH 5-8 and 0.2% pH 3.5-10), and 5% NP-
40. IEF rods and the upper tank were then filled with upper tank buffer. Isoelectric
focusing was carried out at 400volts for a total of 6000vhr overnight. The potential
difference was then increased to 1000volts. The total vhr did not exceed 14000. At the
end of the run rods were marked and kept at-20°C pending the second dimension run
(see Fig. 2.3c for a schematic drawing of IEF setup).

Measurement of pH gradient : IEF gels were laid on a piece of parafilm and cut in
10mm -sections. Each section was thoroughly mixed with 2ml of degassed deionized
double distilled water (DDDW) for 10min and its pH measured using a conventional

electronic pH meter.

2. Second dimension : The standard one-dimensional PAGE equipment was used
during this phase with one modification. The top side of the inner gel slab was bevelled
so that the isoelectric focusing gels could be firmly placed between the gel slabs (see
Fig. 2.3a). In order to maximize sample recovery no equilibration was carried out, but
an upper tank buffer with a high content of SDS (2%), as described under one-
. dimensional electrophoresis (Chapfer 2), was used for the first 30min of
electrophofesis. Rods were thawed out under waﬁn running water for a few seconds
and their contents slowly ejcctéd onto the top of the gel slabs. Care was taken to remove
air bubbles trapped between the IEF gel and the slab gel. IEF gels were fixed in
position with 1% agarose solution made in high SDS upper tank buffer containing
0.006% BPB. After 10min gels were run at ZOmA/gel‘con.stant current for 30min in
high SDS buffer. At the end of this run the upper tank buffer was drained through the
tap (see Fig 2.3a), and replaced with normal running buffer which consisted of Tris
buffer (25mM, pH8.3) containing 192mM glycine and 0.1% SDS. Standard molecular
weight markers were added to the well made on the comer of gels, and gels were run at

20mA/gel overnight until the dye front reached the bottom of the gels.
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Protein silver staining on 2-D gels
Silver staining was carried out using essentially the methods described by Wray et al.
(1981). One of the advantages of these methods is that silver staining may be carried

out on previously Coomassie blue-stained proteins.

All solutions and buffers were madc in DDDW. Polyacrylamide gels were prepared and
proteins run as described before. Coomassie blue stained gels were washed 3 times in
50% methanol and DDDW alternately for at leiast 3hr. Non-stained gels were rherely '
- soaked in the methanol solutioxi for 2hr and then washed twice in DDDW. Gels were
then.transferred into-a 10% glutaraldehyde solution, soaked for 30min, and then
washed twice in DDDW for 40min. Gels were transferred into freshly prepared silver
staining solutions for 15min and shaken continuously. The stain soiution was made by -
i slowly adding 4ml of a 20% silver nitrate solution to 21ml of NaOH solution (0.36%)
containing 1.4ml of 35% NH4OH stock solution. Continuous shaking during stain
solution preparation ensured solution uniformity. Absolute alcohol was then added to
make 100ml of stained solution. After staining, gels were washed 3 times as before and
developed for 10min using a freshly prepared developing solution. This solution was
made by mixing 1ml of citri¢ acid (1%) and 100pl of formaldehyde (38%) with 20ml of
ethanol and making it up to 200ml with DDDW. Gels were quickly washed twice and
transferred into a methanol solution (50%) containing 10% acetic aci& to quench
staining. The dark background was removed by immersion in Kodak Rapid Fixer™.

Using this method protein spots in the nanogram range were detectable.

Protein silver staining on nitrocellulose blots
-In order to erihance the contrast, Western-blotted glycoproteins v1suahzed by DAB were
silver stained. The method was based on a chemical reaction involving DAB, rather
than proteins, which is the case when silver staining is carried out directly on gels. All

reagents for silver staining were provided in a kit purchased from Amersham
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International plc. UK (DAB enhancement kit, RPN.1174). The method was found to
be quick and sensitive, and provjdcd reproducible results using a minimum amount of

reagents.

Passive avoidance training

Where specified, chicks were trained on the one-trial passive avoidance paradigm.
Three groups were trained, one on W- and two on MeA -coated beads. Fifteen minutes
after training, one of the MeA-trained groups was given bilateral intracerebral injections
of 2DGal (10ptmol/10pl/hemisphere). Birds were tested 6hr after training and those that
responded accurately sacrificed and their forebrains prepared for analysis. The training
and-tcsting procedure was carried out blind. |
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Primary Agent Dilution ~ - Block/Wash  Secondary Agent Dilution
Biotin-ConA 1:800 # Avidin 1:500
UEALL 1:150 § HRP-Anti-UEA 1:250
Biotin-MAA 1:300 ¥ Avidin 1:500
Biotin-SNA 1:500 d Avidin 1:500
Ependymin 11:200 1 HRP-Anti-Rabbit ~ 1:250
Anti-N-CAMR - 1:400 i * HRP-Anti-Rabbit  1:300
Anti-N-CAMC 1:2000 q HRP-Anti-Rabbit  1:250
' q HRP-Anti-Rabbit - 1:250

Anti-N-CAMB 1:1000

" Table 6.1 : Glycoprotcin specific lectins and antibodies used to ident_ify chick brain
. glycoconjugates. #, B'lock/wasl"n solution, TBS containiﬁg, Tween;’ZO," Ca2+, .
Mg2+, and BSA (pH7.4); 8, Block/wash solution, .TBS containing Tween20,
Ca2+, Mg2+ (pH7.4); 1, Block/wash solutioh, TBS containing Tween20, Ca2+, -
' .><,Mg2.4‘, Milk powder (pH 7.4); ¥, Bldcl.:'/'y‘;ash solution, TBS containing
Tween20, Ca2+, Mg2+, Mn2¥, BSA (pH 7;4); 'a, Blbck/wash solution, T’BAS
containing Tween20, Ca2+, M_ézt Mn2+, (pH 7.4). R, G, B, gifts from Drs

Regan, Goridis, and Bock.
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Four brain regions, left and right forebrain roof, and left and right forebrain base, were
quickly dissected and stored at -20°C overnight. SPM and PSD fractions were prepared
and protein contents of each sample estimated. Samples were then prepared for either 1-
D or 2—b PAGE. Before subcellular fractionation, forebrain regions obtaihcd from three
chicks belonging to the same training group were combined. This was to obtain |
adequate tissue for subcellular preparation and had the added advantage of providing

" more reliable patterns of glycoproteins on gels.

RESULTS

Application of lectins on 1-D gels

1. Charagterization of flicosylglycqprotgins : Ulex» Europaeus type I (UEA.D)
: exﬁ'acted from gorse seeds binds specifically té termmal fuco;c residues. UEA.II,
found in the same seed, is specific for GIcNAc. In this study UEA.I was used to detect
the presence of fucose containing glycqconjﬁgates in sgbcellular ﬁacﬁoﬁs of the four

different chick forebrain areas described above.

Figs. 6.2a&b show the patterns of UEA.I labelling of SPMs and PSDs from all three
-groups of trained chicks. About 30 protein bands were observed in,éach sample, some

either strongly or exclusively labelled in SPM lanes and some in PSD lanes.

The specificity of UEA.I affinity for fucose was tested by running a parallel Westel_'n
blot whose UEA.I solution had been previously mixed with fucose. Thus, IM fucose
was added to UEA.I made in block solution and was gently shaken overnight using a
vertical turn-table. The solution was spun at 10.6kgnax in a Microcentaure bench

centrifuge for 30min and the supernatant used for Western blotting. Also, the non-
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specific protein labelling by anti-UEA.I-antibody was tested by running a lectin
labelling proc‘cdurc in the presence and absence of the lectin. Results are shown in Fig.

6.3a&b.

As is shown in Fig. 6.2, the 180kD band was almost exclusively labelled in PSD
samples, whereas the 40kD band was seen only in SPM samples. Protein bands
indicating 150kD, 84kD and 50kD were more densely labelled in SPM samples and
those indicating 120kD, 100kD, and the 60-62kD doublet more dcnseiy labelléd in the

PSD:s.

Comparison between W-trained and MeA-trained birds revealed that, in the PSD
. samples from forebrain base, the 62kD band of MeA-birds were relatively more densely
labelled than that of W-birds. The MeA birds that were given 2DGal injections showed
similar trends to W birds. No clear visual differences were observed in forebrain roof

samples.

2. Characterization of mannosylﬁlycoproteins : In order to analyse mannose
containing glycoproteins the lectin ancanavalin A (Con Aj'was used. Its'ﬁfﬁnjty for
' ménriose is especially high when the sugar is combined with two other moleculeé in the
form of the trilsaccharide mannosec.3(mannosea.6)mannose. Figs. 6.4a&b show a
typical Westem blot pattern on whichACo‘n A was used to identify mannosylated

proteins.



. Chapter 6: Experimenial probes & glyéoproteins 199

Fig. 6.2 : Western blotted UEA_.I-labelled fucosylglycoproteins in forebrain roof (panel |
a) and forebrain base (panel b). | - |
From left to right, tracks 1-4 are samples from W birds; 5-8, are-samples from
. MeA birds injected with 2DGal; 9-12, are samples from MeA birds. Odd-
numbered tracks are PSDs and even-numbered tracks are SPMs. Standard

molecular weight markers are shown in the far left column.
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Fig. 6.3a&b : Western blots of UEA .I-labelled fucosylglycoproteins in the absence
(panel a) and presence (panel b) of ImM fucose.
Chick forebrain was used to prepare the samples. Mr, standard molecular weight
markers; H, homogenate; S, SPMs; P, PSDs. Equal quantities of protein

samples, the lectin UEA.I and anti-UEA.I antibody were used in both blots.
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Fig. 6.3c&d : Western blots of fucosylglycoproteins in the presence (panel c¢) and
absence (panel d) of the lectin UEA.I.
Chick forebrain was used to prepare the samples. Mr, standard molecular weight
markers; H, homogenate; S, SPMs; P, PSDs. Equal quantities of protein

samples and anti-UEA.I antibody were used in both blots.
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The affinity specificity of Con A in this system was tested in a parallel study where a-
D-Methyl mannoside (0.5M) was added to all wash, block, and overlay solutions.
Results showed that protein bands in the control blot were hardly labelled (Fig. 6.5). It
was, therefore, concluded that the labelling patterns in test blots were due to Con A-
mannose complex formation. This experiment also showed that avidin, in the absence

of biotin, did not bind protein samples (Fig. 6.4).

After Con A labelling 26 glycoprotein bands were distinguished in SPM and PSD
samples and, as with UEA.I patterns, a number of mannose containing proteins were
either exclusively or relatively more densely labelled in one or other of the subcellular
fractions. Thus, protein components of Mr 220, 180, 93 and 62kD were PSD enriched
and protein components of Mr 160 and 71kD were found to be SPM enriched. The
120kD and 50kD component were equally labelled in SPM and PSD samples. As far as
passive avoidance learning was concerned, no differences were visible by eye between

trained and control samples.
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Fig. 6.4a&b : Western blots of Con A-labelled mannosylglycoproteins in forebrain
roof (panel a) and forebrain base (panel b) samples.
From left to right, tracks 1-4, samples from W birds; 5-8, samples from MeA
birds injected with 2-DGal injections; tracks 9-12, samples from MeA birds.
Odd-numbered tracks are PSDs and even-numbered tracks are SPMs. Mr,

standard molecular weight markers.
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Panel ¢ Panel d

Fig. 6.4c&d : Western blots of Con A-labelled mannosylglycoproteins in the absence
(panel c) and presence (panel d) of a-D-methylmannoside (500niM).

Chick forebrain was used to prepare the samples. Mr, standard molecular

weight markers; H, homogenate; S, SPMs; P, PSDs. Equal quantities of protein

samples, Con A, and avidin were used in both blots.
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Fig. 6.5 : Western blots of glycoproteins containing the NANA (a2-3)galactose linkage
detected using the lectin MAA.
Panel a, forebrain roof samples; panel b, forebrain base samples. From left to
right, tracks 1-4, samples from W birds; tracks 5-8, samples from MeA birds.
Odd-numbered tracks are PSDs and even-numbered tracks are SPMs. Mr,

standard molecular weight markers.
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3. Characterization of sialic acid containing glycoproteins : Two lectins
with high affinities for different sialic acid (NANA)-sugar complexes were chosen for
this study. Maackia amurensis (MAA), specific for terminal NANA (a2-3)galactose,
and Sambucus Nigra bark extract specific for terminal NANA (a2-6)galactose or
NANA(a2-6)GalNAc. However, since NANA (a2-6)galactose is absent in neural
tissues (Regan, 1991), the labelled patterns obtained in this study were considered to be
due to NANA(a2-6)GalNAc. Further, It was noted from the outset that neither lectin
recognized homopolymers of sialic acids present in N-CAM molecules (see Regan,
1991 for a review of N-CAM structures and functions). This does not, however, rule
out the recognition of N-CAM by MAA and SNA since, apart from NANA
homopolymers, N-CAM molecules contain galactose, fucose, mannose, GalNAc, and

GlcNAc (Hoffman et al., 1982).

The MAA labelling of SPM and PSD samples revealed up to 17 densely stained
glycoprotein bands (Figs. 6.5a&b). Protein components of Mr 220 and 180kD from
both SPM and PSD samples were, however, weakly but equally labelled. The 84kD
component was strongly labelled in SPMs, and the labelling of 45kD component was
almost exclusive to presynaptic fractions. Protein components of Mr 116-120 and 62kD
were evenly labelled between pre- and postsynaptic fractions. Finally, MAA did not

recognize the 50kD glycoprotein component.

Using the lectin SNA more than 19 protein components were labelled (Figs. 6.6a&b).
Compared with MAA, SNA recognized more high molecular weight components in
subcellular structures. However, similarly to MAA, the 84kD band was labelled more
densely in SPMs than in PSDs, Also the protein components of Mr 45 and 37kD
followed the labelling pattern of the 84kD component. Furthermore, 116-120 and 62kD
components were equally labelled in SPMs and PSDs. Like MAA, SNA did not

recognize the 50kD glycoprotein component. No differences in the intensity of labelling
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Fig. 6.6 : Westem-blots of glycoproteins containing the NANA(a2-6)GalNAc linkage
detected using the lectin SNA.
Panel a, forebrain roof samples; panel b forebrain base samples. From left to
right, tracks 1-4, samples from W birds; tracks 5-8, samples from MeA birds.
Odd-numbered tracks are PSDs and even-numbered tracks are SPMs. Mr,

standard molecular weight markers.
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were detected between samples obtained from W- and MeA-trained chicks using either

of NANA specific lectins.

Identification of chick brain glycoproteins by specific antibodies
Polyclonal anti-N-CAM and anti-ependymin antibodies raised against isolated rat and
goldfish neural glycoproteins respectively were tested against chick antigen and

assessments made of their distribution in different structures and subcellular fractions.

Anti-N-CAM antibodies : Three different polyclonal antibodies to N-CAM were
used in this study; they were generously provided by Dr C. Regan (University College,
Dublin), henceforth referred to as N-CAM”; Dr C. Goridis (Centre D'Immunologie
Inserm, Marseille) (N-CAM"); and Professor E. Bock (University of Copenhagan,
Denmark) (N-CAM®). As with the lectin labelling study, SPM and PSD samples from
forebrain roof and base of W and MeA birds were separated, Westem-blotted and

immunolabelled with these antibodies.

Anti-N-CAM® antibody recognized three protein bands in SPMs and two in PSDs;
these were 180, 140 and 84kD in the former and 180 and 140kD in the latter fractions
respectively (Figs. 6.7a&b). N-CAM 120 was not recognized by this antibody. The

intensity of N-CAM 140 labelling was stronger in SPM than PSD samples.

Unlike anti-N-CAM®, anti-N-CAM" recognized four protein components, of Mr 180,
140, 84, and 52-55kD (Fig. 6.8). Interestingly, the 84kD component was virtually
exclusive to SPM samples. This showed that both anti-N-CAM® and anti-N-CAM"

antibodies recognized the same protein at 84kD region.
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Fig. 6.7 : Immunolabelling of chick brain N-CAM by anti-N-CAM® antibody.
Panel a, forebrain roof samples; panel b, forebrain base samples. From left to
right, tracks 1-4, samples from W birds; tracks 5-8, samples from MeA birds.
Odd-numbered tracks are PSDs and even-numbered tracks are SPMs. Mr,

standard molecular weight markers.
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Fig. 6.8 : Immunolabelling of chick brain N-CAM by anti-N-CAM* antibody.
From left to right, tracks 1-4, samples from W birds; tracks 5-8, samples from
MeA birds. Odd-numbered tracks are SPMs and even-numbered tracks are

PSDs. Mr, standard molecular weight markers.



Chapter 6: Expérimentalprobes & glycoproteins 216

Mr (kD) S P S S P S
180
116 f aSaSI MSI *' * e [Lw-*
84
fle Zm

37
2T

Panel a Panel b

Fig. 6.9 : Immunolabelling of chick brain N-CAM by anti-N-CAM® antibody.
Panel a, immunoblotting with 1:500 dilution of the antibody; panel b,
immunoblotting with 1:1000 dilution of the antibody. S, SPMs; P, PSDs; Mr,

standard molecular weight markers.
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The pattern of immunolabelling obtained from anti-N-CAM® was similar to that of anti-
N-CAM~” (Fig. 6.9). Protein components of Mr 180 and 140kD, and also an SPM
specific 84kD band were labelled by this antibody. No training-related changes were

observed in any brain regions by any anti-N-CAM antibodies.

Anti-EPENDYMIN antibody : The polyclonal anti-ependymin antibody was a
generous gift from Dr R. Schmidt (Goethe-Universitat, Frankfurt). When homogenate,
SPM and PSD samples were tested, a doublet of relative molecular weight 58-62kD
was labelled by this antibody (Fig. 6.10). The antibody only weakly reacted with its
antigens in the PSD samples. Since monomers of ependymin have relative molecular
weights of 31 and 37kD (Schmidt & Marktscheffel, 1990), the doublet labelled by the
antibody was apparently the results of dimerization, which is reported to take place in
the presence of low Ca™+ concentrations in vive and in vitro (Shashoua et al., 1990).
The 58kD bands were probably deglycosylated dimers [deglycosylated monomers have
Mr 28kD (Schmidt et ah, 1990)] and the 62kD bands glycosylated form of the 31kD
monomer. It is also possible that glycosylated monomers of ependymin in chick brain

have slightly different molecular weights.

Characterization of glycoproteins by gel electrophoresis

The technique of 2-D PAGE was used to analyse fucosylglycoproteins of chick brain.
Figs. 6.1 la&b show patterns of chick forebrain proteins (homogenate) resolved on a 2-
D gel and stained with Coomassie blue. Part (a) shows the pattern of proteins resolved
in a 5-15% linear gradient gel, and part (b) shows the resolution of an identical sample
in a linear 10% gel. The 5-15% gel revealed over 85 well-resolved distinct polypeptide
spots. In the 10% gel, on the other hand, only about 70 polypeptide spots were
distinguished. However, the linear gel provided a good quality of resolution in the

medium-to-low molecular weight range (45kD and below).
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Fig. 6.10 : Immunolabelling of chick brain ependymin by anti-ependymin antibody.
Panel a, from left to right, tracks 1&2, homogenates; 3-5, SPMs; 6-8, PSDs;
Panel b, tracks 1-4 SPMs; tracks 5-8 PSDs. Mr, standard molecular weight
markers. Subcellular preparations were carried out either in the absence (panel a)

or the presence (panel b) of 2.5mM Ca"+.
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Fig. 6.11a : Two-dimensional pattern of chick forebrain proteins resolved in a 5-15%
polyacrylamide linear gradient gel stained with Coomassie blue. The
approximate isoelectric focusing range is shown on top of the diagram. The first
track shows a one-dimensional separation of the same protein sample. The
second track shows standard molecular weight markers. Possible identities of
protein spots numbered in the figure are as follows: 1, microtubule-associated
protein-2 (MAP-2); 2, B-50 [protein kinase C (PKC) substrate]; 3, 82-87kD
PKC substrate; 4, DARP32 (32-35kD cAMP dependent protein kinase
substrate); 5, 40kD of Ca”+/calmodulin protein kinase substrate; 6, synapsin 1I;
7, a-subunit of pyruvate dehydrogenase (adapted from Rodnight et al., 1985;

Rodnight et al., 1988). IFF range is shown by + and - (pHS5-11).
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Mr (kD) IEF

180

Fig. 6.11b : Two-dimensional pattern of chick forebrain proteins resolved in a 10%
linear polyacrylamide gel and stained with Coomassie blue. The approximate
isoelectric focusing range is shown on top of the diagram. The first track shows
the one-dimensional separation of the same protein sample. The second track

shows standard molecular weight markers. IFF range is shown by + and -

(pHS5-11).
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Fig 6.12 demonstrates the two-dimensional pattern of homogenate polypeptides
visualized by silver staining. Over 150 uniformly distributed components, with their

IFF values ranging between pH5-10, were distinguished on the gel.

The two-dimensional patterns of subcellular fractions were also studied. Resolution of
SPM and PSD samples revealed over 50 protein spots in Coomassie blue stained gels

(Fig. 6.13).

SPM and PSD samples resolved by 2-D PAGF were Western-blotted and lectin-labelled
with UFA.L In order to enhance the staining, blots were silver stained. Figs 6.14a&b
show typical patterns of fucosylglycoproteins obtained from these samples. Over 55

components were observed in each SPM and PSD sample.

In the region of 180kD, a broad band of neutral-to-acidic glycoprotein was recognized
by UFA.L. This was thought to be the major 180kD component of PSDs reported in
other independent studies (Gurd, 1989, 1991). The area 100-120kD contained seven
neutral-to-acidic spots which included one protein band. Fight spots were distinguished
in the region of 62-80kD and these had a broader IFF range. The 50kD region
contained a very broad basic protein band, probably the major PSD phosphoprotein, a
subunit of Ca™+Zcalmodulin dependent protein kinase II, which has been reported in a
number of studies (e.g., Kennedy et al., 1983). Weakly stained acidic and a neutral

glycoprotein spots were also labelled in the 50kD area.
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1EF
Mr(kD)

SIWE o

Fig. 6.12 : Two-dimensional pattern of chick forebrain proteins resolved in a 5-15%
linear gradient polyacrylamide gel and silver stained. The approximate isoelectric
focusing range is shown on top of the diagram. Mr, standard molecular weight

markers. IFF range is shown by + and - (pH5-11).
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Mr (kD) IEF

Fig. 6.13 : Two-dimensional pattern of chick forebrain SPM proteins resolved in a 5-
15% linear gradient polyacrylamide gel stained with Coomassie blue. The
approximate isoelectric focusing range is shown on top of the diagram. The one-
dimensional column shows standard molecular weight markers. IFF range is

shown by + and - (pHS5-11).
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Fig. 6.14 : Two-dimensional patterns of fucosylglycoproteins in SPMs (part a) and
PSDs (part b) of day-old chick forebrain resolved in a 5-15% linear gradient gel.
Samples were Westem-blotted and silver stained as described in the Methods
section. The lectin UEA.I was used to label fucose. The approximate isoelectric
focusing range is shown on top of the diagram. The one-dimensional track
shows standard molecular weight markers. IEF range is shown by + and -

(pHS5-11).



Chapter 6: Experimentalprobes & glycoproteins 225

IEF
Mr (kD)

Panel a
IEF

Mr (kD)

Panel b



Chapter 6: Experimeriialprobes & glycoproteins 226

When comparing protein patterns between SPMs and PSDs, it was found that they
generally shared the same composition, but the relative intensity of lectin labelling
differed for a few molecules (in this study equal quantities of samples were used to
facilitate simple comparison). Lectin labelling of a neutral 42-45kD doublet was found
to be enhanced in SPM blots and similar trend was observed for a 37kD neutral protein
SPM spot. In contrast, a relatively acidic glycoprotein spot of Mr 80kD was found to be

more densely labelled in the PSD blots.

DISCUSSION

Various techniques are currently used to analyse neural glycoproteins. The most
common ones include immunocytochemistry, lectin binding using either gels or
Western blots, radioisotopic sugar uptake, antibody affinity column chromatography,
lectin affinity column chromatography and ELISA. In this study, analysis of
glycoproteins was carried out by the combination of Western blotting and 2-D PAGE
techniques. Antibodies with known antigenic specificity in other species were also
used. The presence of N-CAM180 and N-CAM 140 in chick was confirmed using three
independently-produced polyclonal antibodies raised against rat N-CAM. This

suggested that N-CAMs are highly conserved molecules.

All N-CAMs are variations on a basic structure and differ mainly in three aspects :

A. The degree of sialylation : In polyacrylamide gels N-CAMs from adult rat brain
contain low levels of NANA (known as N-CAML, Mr 120-180) In embryonic brain,
on the other hand, N-CAMs are heavily sialylated (N-CAMH, Mr 400kD) (Hoffman et
al., 1982),

B. The mode of membrane attachment : Whereas N-CAM 180 and 140 are integral

membrane proteins, the attachment of N-CAM 120 is effected by a glycosylated form of
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phosphatidylinositol linkage (Rurishauser, 1989),
C. The presence of a cytoplasmic domain : Unlike N-CAM 120, N-CAM 180, contains

a large cytoplasmic polypeptide domain; N-CAM 140, on the other hand, has a smaller

cytoplasmic domain (Regan, 1991).

No N-CAMB84 is reported in the literature. However, the molecular weight of the N-
CAM140 polypeptide backbone is 90kD. It is, therefore, possible that the 84kD
component recognized by anti-N-CAM antibodies is the deglycosylated epitope of N-
CAM140. The immunodetection of this antigen exclusively in SPMs may imply that the
process of subcellular fractionation and, in particular, the use of the detergent N-
octylglucoside during preparation of PSDs resulted in detachment of this antigen from
PSDs. However, in a pilot study octylglucoside was added to one SPM suspension,
mixed and spun at 10kgn"g" for 30min and both supernatant and pellet immunolabelled
by N-CAM~". The 84kD component was labelled in supernatant but, no epitope was
labelled in PSDs, indicating that octylglucoside did not precipitate the 84kD epitope.
This is still not irrefutable proof that N-octylglucoside, or any other reagents used
during the subcellular preparation, do not cause the cleavage of this antigen from PSDs.
The use of alternative detergents may also help in assessing whether this epitope is
exclusively localized in SPM. However, N-octylglucoside is actually milder than other

commonly-used detergents.

As noted before the application of lectins by various techniques remains amongst the
most effective ways of studying glycoconjugates. Here, various lectins with different
carbohydrate affinity were used on Western blots for the following purposes :

A. To obtain a general pattern of glycoconjugates of chick brain and assess their
subcellular localization,

B. To examine the carbohydrate contents of those glycoproteins that had previously
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been found to show increased fucose incorporation after passive avoidance learning but
ceased to do so in the presence of 2DGal (see Chapters 3, 4 and 5),

C. To analyse in detail fucosylglycoproteins of chick forebrain using the technique of
2-D PAGE, making special note of the regions on the gels that correspond to molecular
weights of fucosylglycoproteins implicated in learning ("memorins"!),

D. To examine whether lectin labelling on Western blots is a sufficiently sensitive
technique to detect relatively small changes in carbohydrate content, and in particular

fucose, of oligosaccharide chains after passive avoidance training.

A. Chick forebrain glvcoconiugates : The number of identified neural glycoconjugates
has increased steadily. Table 6.2 illustrates only some of the better-characterized
glycoconjugates of the nervous system. A number of these molecules are reported to be
neuron specific and the rest have been also localized in other tissues such as the liver.
The majority of these molecules are membrane-bound and the rest have been identified
as extracellular components. In chick brain, some thirty fucosylglycoproteins have been
detected in SPM and PSD samples (e.g., Gurd & Mahler, 1974; Zanetta et al., 1977).
The majority of these molecules had high mannose contents (that is, they were N-type
glycoproteins). Over 17 of them contained the NANA (a2-3)galactose linkage and over

19 contained the NANA(a2-6)GalNAc oligosaccharide linkage.

Results from the UEA.I labelling of fucosylglycoproteins were in agreement with those
from the radioisotope studies reported in previous chapters. That is, some 30-35
components of SPMs and PSDs were found to incorporate labelled fucose. In
independent studies in other species a similar number of glycoconjugate components

have been reported (e.g., Gurd, 1989; also see Table 6.2).



Chapter 6: Experimental probes & glycoproteins 229

Glycoconjugate Location Reference

gp230 SPM/PSD/SJ Gurd. 1989

gpl80 PSD mainly Gurd. 1989

gpld5, gpll6, gpllO, gp45-50 SPM/PSD/SJ Gurd, 1989

Acetylcholine (nicotinic & muscarinic)  nerve terminal Hucho, 1986; Merlie et al.. 1982
Rauth et al., 1986

Glutamate binding protein nerve terminal Michaelis, 1975

Opiate receptor nerve terminal Gioannini et al., 1982

Na+/K+ ATPase (S5kD) synapse Dahl and Hokin, 1974

Synaptophysin/p38* 6 (40kD) vesicle Rehm et al., 1986

Thy-1 (17-18kD; 25kD by PAGE) PSD Hooghe-Peters and Hooghe, 1982

Bernard et al., 1983
Lappuke et al., 1987

SV2 (75-10kD)* SPM and vesicle Buckley and Kelly. 1985

N-CAM* 4 (180, 140, 120kD) synapse Regan, 1991; Schachner, 1992
Doyle et al., 1990; Bock, 1991

MAG (100kD) myelin Quarles et al., 1973

D2* synapse JOrgensen and MOller, 1980

CNSgpl30* synapse Moss, 1986

gp50* synapse Beesley et al., 1987

gpo65* synapse Hill et al., 1982

gp58*, gp62* synapse Mahadik et al.. 1982

LI* synapse Rathjen and Schachner 1984

F-10-44-2* synapse McKenzie et al., 1982

BSP-2* cell surface Rougon et al., 1982

BSP-3* cell surface Him et al., 1988

NSA* cerebellum Schnitzer and Schachner, 1981

Purkinje cell gp* cerebellum Reeber et al., 1981

A2B5* SPM Eisenbarth et al., 1979

MRC OX-2* cell surface Barclay and Ward, 1982

F-3-87-8* cell surface Nolan et al., 1987b, Lakin et al., 1

Ependymin* (37 and 31kD) ECM Shashoua et al., 1990
Schmidt and Shashoua, 1981

Laminin* (900kD, A 400. B1 215, B2 205) ECM Manthorpe et al., 1983 & 1988

Fibronectin* (450kD, 220 & 220) ECM Stewart and Pearlman, 1987

Cytotactin* (1000kD) ECM Grumet et al., 1985

Integrin* 4~(a & b 140) (chick) ECM receptor Cohen et al., 1986 & 1987

Amyloid P-protein precursor® Extracellular Doyle et al., 1990

Table 6.2 : Some glycoproteins identified and localized in the nervous system. *,

studied immunocytochemically; (), phosphorylated; ECM, extracellular matrix.
They are not necessarily brain specific.
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B. Training related glycoproteins : Fucosylglycoproteins of Mr 180, 100-120, 62-80,
50, and 37kD were found to show increased fucose incorporation at different times
after passive avoidance learning. Lectin labelling showed that these molecules,
contained various other carbohydrates in addition to fucose. Table 6.3 shows the
relative intensity of lectin labeling of these glycoproteins. N-CAM 180 and 140 were
also assessed since the 180kD fucosylglycoprotein band shared the same molecular
weight as N-CAM 180. However, it remains to be seen whether they in fact are the

same molecule.

This analysis provided a qualitative measure of glycoproteins carbohydrate contents.
No probes to label GIcNAc were used. Therefore in future studies a full analysis of the
sequence and structure of the oligosaccharide chains of these molecules should be
carried out. As mentioned out in the introductory chapter, both N-type and 0O-type
glycoproteins potentially possess highly complex oligosaccharide structures. Without a
full analysis of these structures, a clear understanding of the biological function of

neural glycoconjugates will not be possible.

C. Detailed analysis of fucosylglycoproteins : The limitations of one-dimensional gel
electrophoresis are well understood. 2-D gel electrophoresis, on the other hand, has
theoretically the capacity for resolving over 5000 polypeptides per sample (O'Farrell,
1975). In Chapters 3 and 4 the 1-D PAGE technique was used to identify 7 broad
training-related glycoprotein components. 2-D PAGE was used to examine how many
glycoproteins, of what isoelectric focusing values, were detectable in each of these

components.



Mr(kD)

180
100-120
62-80
62

55

50
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37

33

N-CAM 180
N-CAM 140

fucose
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Relative carbohydrate labelling

mannose NANA(a2-3)galactose NANA(a2-6X3alNAc

4-4-4- 4
4-4-4- 4-4- 44
44 4-4-4- 44
44- 4-4-4- 4
4-4-4- 4
44-

4 4-4-

44- 4-4- 4
44- 4-4-4- 4
4-4-4- 4 --
44-

Table 6.3 : Relative carbohydrate contents of chick brain glycoproteins. Assessment

was carried out by visual comparison of corresponding Western blots. +, the

lowest visible label; +++, the highest visible label; carbohydrate labelling

absent.
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In order to prevent "charge heterogeneity”" due to artefactual charge modification of
proteins which leads to the production of multiple spots of the same protein, tissue
samples were prepared fresh and solubilised in lysis buffer before being stored at -20°C

(see OFarrell, 1975).

In the present study, between 150 and 200 silver-stained spots were detectable which,
compared with Coomassie blue stained gels, provided an increase in sensitivity of 2-3
fold. However, probably the use of more protein containing incorporated amino
acid residues per gel would significantly increase the detection power of the system.
Gels may also be over exposed to X-ray films in order to detect very small or lightly

labelled proteins.

2-D PAGE combined with immunological techniques may be used to analyse in detail
fucosylated antigens such as N-CAM or R15. In a pilot study, the antibody R14
(Scholey, 1991) was used to immunoblot PSDs antigens resolved on a two-
dimensional gel. Several protein spots of various IEF values were labelled by the

antibody.

Lectin labelling revealed over 55 fucosylglycoproteins in SPMs and PSDs. This was
almost twice the number of glycoproteins detected in one-dimensional gels. Training-
related fucosylglycoproteins of Mr 180, 100-120, 62-80, 50, and 37kD each contained
anumber of glycoprotein spots of different IEF values. Further, comparison between
SPM and PSD patterns revealed that glycoprotein spots of Mr 42/45kD (doublet) and

37kD were enriched in SPMs whereas the 80kD component was enriched in PSDs.

D. The effect of learning on fucosvlation : Lectin labelling was used to monitor

changes in fucose incorporation into neural glycoproteins after passive avoidance
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training. However, the densitometric analysis of the resulting Western blots did not
detect any significant differences. This may have been due to the relatively small
increases in fucose uptake seen in samples from MeA birds (see Chapter 4). However,
the use of radiolabelled fucose showed small but significant increases in protein
fucosylation 6hr and 24hr after training (see Chapter 4). It was concluded that the
technique of lectin labelling was not sensitive enough to detect consistent but small

variations in precursor uptake.

The results reported in this chapter seem encouraging. The combined techniques of
two-dimensional gel electrophoresis and lectin binding were used to further characterize
train mg-related glycoproteins. The two-dimensional pattern of antigen/s recognized by
R15 needs to be identified. Also, the technique of 2-D PAGE could be used to raise
polydonal antibodies to identified proteins that were identified as showing increased

fucosylation and to examine their role both during and after training.
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CHAPTER SEVEN

GENERAL DISCUSSION AND FUTURE PERSPECTIVES

.The a;iproach taken in‘ these investigations was based on a large body of resdlts
reported around 1980 (e.g., Burgoyne & Rose, 1980; Sukumar et al., 1980) indicating
the involvement of glycoproteins in the formation of memory, both in chicks and
mammals. Since then, more details regarding the role of fucose and its processing
enzymes have emerged (e.g., Lossner & Rose 1983; Popov et al., 1983) ahd memory-
“ related cellular cascades. ihvolving the acﬁvatioh of fucokinase end fucosyltransferase
.haveibeen investigated (e.g., Matthies, 1989); Sevefal models of neural plasticity that
to a greater or lesser extent mvolve glycoproteins have been developed (e. g Bock,

1991; Rose, 1991b; Schachner, 1992; Schmidt et al., 1990, 1991)

‘One of the early hypothesee that postulated ‘a role for' glycoproteins was developed by
Margolis and Margolis (1970). According to them, glycopfqtcine play an important role
in information storage, dnd thie hypothesis ihﬂplie.s. that (i), during ontegenesis,
glycoproteins may provide the information that faeilitatee the establishment of
appropnate interneuronal connections, and (ii), in mature orgamsms, nerve impulses
may alter the configuration or structure of glycoprotems that are secreted by neurons
and deposited on the cell surface (presumably at the nerve terminals). As a result, the
transmission capability of the synapses”may alter and, thus potentially influence the

future behaviour of the organism.

In his model for memory, Brunngraber (1972) has suggested that short term memory

(STM) may result from rapid conformational changes in the macromolecular structure
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of the neuronal membrane and glycoproteins. Long term memory (LTM), on the other
hand, as also suggested by Margolis and Margolis (1970), is considered to be a
consequence of an alteration of the neuronal membrane as a result of deposition.of

glycoproteins whose heteropolysaccharide chains alter in structure following neuronal

activity.

In the "Signpost" theory of information processing forwarded by Bogoch (1974),
glycoproteins are believed to be "responsible for the recognition required to establish
specific brain circuitry, and that their disorders result in disbrdered function of brain
circuitry and eonsequently, disorders of thought, mood, and behasiour”. Glyc_oi:roteins
can thus pave-the way for the flow of information and establishment of corhmunication
. in the nervous system. Neural glycoproteins show much heterogeneity, as well as
changes with-development and pathology. Their concentration and turnover also
correlate with certain types of behaviour and t;aining. "These are all consistent with the
notion that they are directly involved in (the mechanisms of) learning and memory”
- .(Bogoch 1968). qu more discussion on the function of glycoproteins in the formétioﬁ |

of brain circuitry see Bogoch (1969, 1972), and Matthies (1980).

A’mdre'cla'ssical descriptioﬁ of the involvément of glycoproteins in the formation and
consolidation of memory is given by Matthies (1982, 1989). There are said to exist
neural connections cqncemcd with uncpndiﬁoned (UCS) and conditioned stimuli (CS).
In addition, there are neural connections involved in motivational ﬁnd emotioﬁal states.
. "Firing of CS neurons induces short term facilitation, which may be prolonged and
enhanced by action potentials evoked by UCS, so that a fﬁrthcr CS activation would
also induce action potential during the limited time of intermediate storage" (Matthies,
1982). These events may theﬁ lead td the formation and transportation of
fucosylglycoproteins to the synaptic junction of CS through activation of a second

messenger system that involves dopaminergic neurons. The synapse is now
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permanently activated and stimulation of CS would then always be sufficient to trigger

unconditioned response in the form of an action potential (Matthies, 1982).

The "mnemon hypothesis" developed by Young (1965) although not seeming to 'point
directly to the péssiblc involvement of adhesion molecules during memory formation,
is one of the early models of dynamic neural networks requiring an important role for
glycoproteins. Accordingly, each particular piece of synaptically connected neural
tissue has a certain number of potentially reinforcable connections. Those that do not
lead to reward are suppressed or eliminated sclectively until the rémaining functional

networks are stabilized, thus constituting a mncrhon (Yodng, 1965).

“This ﬁypothesis- may be extended in fefms of reward and i)unishrr;ent, si.n-:ci in order to
survive, a system needs to continuously evaluate the outcome of ite bchavioural '
response in a changing environment. For the network to develop, therefore, it is
‘ conccivablé ﬂl'at the neural connections responsiblé for either reward or punishment are
reinforced whereas the remaininé-conncctions wouid bc supptﬁssed. After all, coﬁtinual
addition of new glycoproteins and/or increased SYnapse- fd@ﬁon m a confined volume
. of theAbrain does not seem feasible. Evidence for synapse loss or .re’greyssion during
neural development and imprinting has been brcsent'ed by a number of researcheré
(e.g., Cowan et al., 1984; Scheich, 1987). However, to date, there have been no
reports of specific glycoproteins that sl}ow deglycosylation during memory formation.
As described in Chapter 4, cértain chick brain glycoproteins were found to show a drop
| in fucose incorporation at vaﬁous times after trammg However, it is not known
whether this phenomenon is indeed a reflection of neural regression induced by -
learning. Since much of the literature points to increased posttraining protein
glycosylation, our interest was focused on the identification of those glycoproteins that
showed training-related increased fucose incorporation. The abave hypotheses imply

that both configurational changes and synthesis of glycoproteins are phenomena that
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take place during both short and long-term memory formation. The results agree with
there being a critical role of glycoproteins in the neural processing of learning and

memory.

One point remains unresolved; that is, whether there exisf neurél mechanisms which are
involved in guiding the newly synthesized glycoprbt_cins to specific and appropriate
synaptic terminals responsible for processing particular types of information (for
instance, passive avoidéncc learning). It seems unlikely that during the formation of
each-memory-related neuronal trace, the nervéus system becomes erigag;d in redundant
(and energy consuming) synthesis and dislributién of glycoprotéins to all available
'd;:ndritiq branches only to be used by a sub-set of speéiﬁc dendritic spines and axonal

boutons.

In order to resolve this problem, a p0551ble mechanism may be suggested mterrclatmg
-the ncural events occurnng during memory formanon and consohdatlon It involves
three distinct mechanisms taking placc and leading to the 1ncorporauon of glycoprotems |
at the synapses. Firstly, upon neural stimulation, tnggered asa result of behavioural
: trammg or chemical or electrical induction, plco-sccond posttranslanonal modeicanon
of existing membrane-bound glycoprotcins takes place. This is by activation of
membrane-bound fucosylating enzymes and helps to transiently increase the synaptic
efficacy. Secondly, persistent neural spike activity may trigger the incorporation of
existing glycoproteins at neural terminals into the membrane. Finally, de novo
synthesis o—f glycoproteins is initiated as a result of the act-ivation of the second
messenger systems which, in turn, arc initiated during the first phase of neuronal
events. A proportion of these newly synthesized glycoproteins may then be
incorporated into the membrane as part of the consolidatory memory processes. In,

addition, the concentration of intracellular glycoproteins transported axonally to the
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nerve terminals is stabilized once again. -

There is now much evidence that long-term memory formation/consolidation involves
incorporation of sugars like fucose into neural glycoproteins. They include results of a
series of studies using the one-trial passive avoidance task in ‘chick (Sukumar et al.,
1980; McCabe & Rose, 1985), and a step-down passive avoidance task and a
brighthcss discrimination task in rats (Popov et al., 1982). The activities of fucokinase
and fucosyltransferase have been shown to alter both in chick and 'rat from minutes to
Ohr after training (Lossner & Rose 1983; McCabe, 1985; Popov et al., 1983). Protein
fucosylﬁu'on takes place only when the process of memory formation proceeds
* unhindered. Thus, when chicks are made amnesic by the immediate appliéation of
transcranial subconvulsive electroshocks, no increased fucosylétion occurs (Rose &

Harding, 1984).

The involvement of egcoproteinS in neural processes leading to memory formation was
addressed in this thesis by a number of experimental approaches. They ‘inclu,dcd
competition experiments for characterization of the role of 2-deoxy-D-galactose in vivo
and in vitro, study of fucosylation changes consequent upon chicks learning a passive
avoidance task, detailed analysis of these glycoprotein molecules by raising polyclonal
antibodies against them, and the use of various immunological techniques and two-

dimensional gel electrophoresis to further characterize the glycoproteins.

The role of 2-deoxy-D-galactose : According to one of the criteria set out by
Rose (1981a,b, 1983), if a neural event is necessarily involved in processes of memory
formation then its inhibition will lead to amnesia. The administration of 2-deoxy-D-
galéctose (2DGal), has been shown to cause amnesia both in rat and chick (Jork et al.,
1986; Rose & Jork, 1987). The amnestic effect of 2DGal is long lasting. However, 4hr

after injection of 2DGal, the incorporation of fucose, injected 1hr after 2DGal
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administration, is not inhibited, although there is a 68% inhibitioh 2hr after ZDGal
injection (Rose & Jork, 1987).7 This short period of the 2DGal inhibitory effect is
almost paralleled by its amnestic effect. If injection of 2DGal precedes training by
3.5hr, no amnesia is observed when MeA chicks are tested 1hr after training (Rose &
Jork, 1987). However, birds show some degree of amnesia when 2DGal‘ is injectcd
either 1.5hr or 1hr before training, whgreas they show clear aﬁlnesia if they are given a
2DGal injection just before and after training (Rose & Jork, 1987). The amnestic effect
of 2DGal in'chicks injected 30min after training falls té the lévcl of birds that are
injected with 2DGal over lhr before training; that is, about 50% of chicks show

amnesia.

“These data suggest that 2DGal starts to iﬁhibit fucosylation shortly after injection.
However, our results show (Chapter 3) ‘that simﬁltanepus 'injectiqns of fucose and
2DGal led to aimost nofinhibition of fucosylaﬁon, but if the injection 6f 2DGal
' preceded that of-'-fuc_:osc by lhr, there was a signiﬁcarit inhibiitioh of fucose
i'ncorporan'dn (a time-gap of 30min -between the fwo sets ot; injectioAnsAis assumed to
lead to some degree of inhibition). Considering thai training chicks on the passive
avoidance task leads to a small but significant increase in ﬁJCO.sylation, it may therefore
-be concluded that 2DGal needs to inhibit ohly a small propor'tio‘n of fucose

incorporation to cause amnesia.

The effect of 2DGal is lateralised for the passive avoidance task; that is, birdS given
unilateral injections of 2DGal into the right hemisphere show amnesia 3hr after training
(Barber & Rose, 1991). It is generally believed that 2DGal inhibits fucosylation of
those glycoproteins that show increased fucose incorporation after training (Rullock et
al., 1990b). A number of neural receptors such as opiate receptors are fucosylated and

. their function may'bc affected by 2DGal (Richter et al., 1991).
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Detailed analysis of fucosylglycoproteins has revealed that there are two waves of
fucosylation following training (Popov et el., 1980 and 1983). The electrophoretic
analysis of hippocampal tissue from rats trained on a brighmess discrimination task
showed a significant increase (25-30%) in medium and high molecular weight
membrane-bound fucosylglycoproteins 7-9hr after training (Popov et al., 1976, 1980).
Also, the time-course of the activity of fucokinase and fucosyltransferase in rats
followed that of fucosylation (Popov et al., 1983). If 2DGal inhibits training-related
protein fucosylation when injected around the time of trainjng, it can be used to show
whether‘there is a second wave of protein fucosylation in chick. Indeed, when MeA
birds were given bilateral intracerebral injections of 2DGal and tested 24hr after
training, those that received the inhibitor 5-7hr after training showed amnesia (see
Flgure Ap. 1 in Appendix; Zamam & Rose 1990). These results suggest that as’in the
| rat, there is a second period of protem fucosylatxon in the ch1ck as a consequence of .
memory forrnatlon The results of trammg-related fucose mcorporatlon reported in
Chapter 4 suggested that the LPO is an 1mportant region durmg the second penod of
increased glycoprotein accumulauon. It would be interesting to address the following
points: Firstly, is the amnestic effect of 2DGal lateralised 5-7hr after training?
Secondly, how long after- injection do chicks become amnesic? And thirdly, what

structure in the forebrain does 2DGal affect in order to cause amnesia?

The first question uiay be addressed by injecﬁng the expeﬁmental hemisphere with
inhibitor 5-7 after u‘aining and testing the birds at a specified posttraining time, for
example 24hr. The rate at which 2DGal starts to cause amnesia can be examined b);
.testin g the birds from shortly after to 24hr after injection and training. If it were found
that chicks are amnesic houfs, but not minut_es, after injection, it may be difficult to
clearly answer the third question, since it is expected that once introduced into the

forebrain 2DGal starts to diffuse rather quickly. Barber and Rose (1991) found that 1hr
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after unilateral injection, the main bulk of radioactivity due to [3H]2DGal is found in the
same hemisphere where it was injected. Howéver, the pfccisc rate of diffusion of
2DGal within the injected hemisphere has not been explored. This could be determined
by injecting and measuring specific activity of [*H]2DGal in different brain regions
such as the IMHYV, hippocampus and LPO using the brain mould described in Chapter
2. If 2DGal had a fast rate of diffusion, galactose could be injected into the control
hemisphere of chicks when the unilateral effect of 2DGal was to be investigated. The
use of galactose is suggested since, when injected simultaneously with galactose and
2DGal, MeA birds do not show amnesia (Rose & Jork, 1987). This is because
- -galactose and 2DGal compete ‘for the same position in the oligosaccharide chains of
glycoproteins. Alsc.), in order to demonstrate whether the injection of 2DGal into LPO
causes amnesia during 7-Shr posttraining, the IMHV of MeA birds may be injected
with galactose while LPO receives 2DGal and the récall recorded at a specified time
- after training. The induction of amnesia would-be in agreement with the results from
~ lesion studies showing that posttraining ablation of the LPO renders. trained chicks -
amnesic (Gilbert et al., 1991). As.a result of a series of studies that consisted of lesions
to the IMHYV ‘and LPO of trained-chicks at various pre- and posttraining time-points
(Patterson et al., 1990; Gilbért et al., 1991), Rose (1991a&b) suggested that
information processing takes place at specific times and in specific structures, and
lesioning of any one or more of these structures (at specified times) either leads to
amnesia or re-allocation of information processing to other structures (Rose, 1991a&b,

also see part 2 of Chapter 1 for a brief review of these studies).

The results reported in Chapter 4 of this thesis suggest that the LPO may be the site of
the second wave of fucosylation. Also, different biochemical events may take place in
the IMHYV and LPO, since different glycoproteins were found to be involved in these

regions and at different times after training, -
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Fucose and memory retention : The injection of fucose into rat hippocampus
improves retention of the shuttle box avoidance and brightness discrimination tasks
(Wetzel et al., 1982). What such exogenous sources of fucose do in the brain is,
however, a matter of debate. It has been suggested that it may stimulate glycoprotein
synthesis, or inhibit lysbsomal degradation of the polypeptide backbone of
glycoproteins, or inhibit fucosidase (Wetzel et al., 1982; Zatz & Barondes, 1970).
Circumstantial evidence from a number of studies suggests that fucose administration
may have similar effects in the chick. For example, 7% of MeA chicks that were given
bilateral intracerebral injecﬁons of fucose (20pmole) pecvked.at a dry bead 30min and
1hr after wraining as compared with 11% of saline ihjecred birds (Rose & Jofk, 1987).
Similar resﬁlts have also been reported by Bullock et al. (1991). Tﬁe effect of fucose on
memory processing, however, merits further investigation. Groups of chicks could be
tramed with normal and d11utcd MeA (5- 10%, see Rosenzwelg et al 1991), and testcd

- at different time-points thereafter. The expenmental group would be injected with
- fucose and the control group w1th saline 30min before tra1n1ng A quiet control group
would also bc uscd t0 monitor thc effect of fucose 1n]ect10n on CthkS behaviour (c g,
assuming pcclcmg activity at the test time). If fucosc is to 1mprove learning and/or
. lretention, the.percentage of pecking by the experimental groub should be comparable
-with the group of chicks trained on undiluted MeA. In addition, it would be interesting

to carry out a dose response test with fucose.

It is also possible to use a weak aversant instead of diluted MeA. For example, -in a
-series of studies by Bourne et al. (1991), quinine was used in parallel with MeA. It was
found that chicks trained on quinine had a shorter retention time than MeA birds. The
retention levels in both groups were similar 45min after training, but the percentage of
quinine-trained birds avoiding the bead at test dropped progressively thereafter and by
24hr posttraining they were not significantly different from W-trained birds. The

accompanying fucose incorporation was much lower in quinine birds than in MeA- -
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trained birds. It is possible the quinine and diluted MeA affect olfactory/gustatory

systems in qualitatively different ways.

Approach vs aversion learning : Since training chicks with W-coated beads
'may be regarded as an approach learning (water being a pbsitive reinforcer) comparing
neurobiological changes between this type of learning and that of MeA (avoidance)
learniﬁg may raise certain problems. In mammals it is known, for example, that
different neural systems are involved in appetitivg and aversive learning tasks, and
other structures such as the amygdala may be differentially involved in a number of
appetitive and aversive learning paradigms (e.g., Carlson (1986) Chapter 14).
Furthermore, the 1ncorporat10n of fucose and expression of an immediate early gene c-
fos has been shown to increase in both W and MeA birds, albext toa lesser extentin W

than in MeA birds (Anokhin et al., 1991; Sukumar etal., 1980)

. Whether fhc increase in fucosc. incorporation into the W gfoup simply reflects basal
developmental changes or is directly related to learning;'induccd neurobiological
changes, may be a_ddressed by including other comrol_ groups. It is thcrcfbre proposed

- to use a control group consisting of chicks und&going pre-training with oﬁe extra pre-
training bead presentation, whilst others groﬁps are traiﬁed on W and MeA.
Appropriate neurochemical assessments would then be carried on all groups. The
results would indicate whethpf antcr training leads to similar trends of neurochemical -
events 10 MeA maining, and whether these events occur during the same time-window

and/or in the same brain structures.

Despite its many advantages as a behavioural training paradigm, the passive avoidance
task also presents certain disadvantages. For example, it does not delineate the strength

of memory and, when amnestic agents are used, it does not clearly show the degree of
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amnesia caused in individual birds. Howévcr, it does provide a measure of population
learning or amnesia. The use of different colour beads at testing allows the investigator
to determine whether birds are able to discriminate between a neu;fal and aversant bead.
When using interventive methods, it may be appropriate to use other tralmng paradigms
in addition to the passive avoidance task, since different learning tasks exploit different
abilities and probably cause neurobiological changes in different brain structures.
Among the tasks available is the appetitive pebble floor food discrimination paradigm -
(e.g., Rogers et al., 1974, 1977), visual and auditory imprinting (Horn, ' 1985;
Scheich, 1987), and perceptual learning (Vallortigara et al., 1990a&b). The cumulative
results of these studies would shed more light on the specific function of particular

drugs (e.g., 2DGal) and their behavioural effects;

The pebble floor task presents certain problems. While searchihg for food, chicks
~ receive sensory information about the food and the characteristics of the floor via their
.-feet. This input may manifest itself into additional neurochemical changes which
Consequently confuse the results. A modification to thé pebble floor design is proposed -
to try to avoid this problem. Thus, food and sand could be scattered on a narfow
platform (about 2.5cm) on one side of the pen ensuring that chicks are unable to climb
onto it but could see and rcacﬁ the food mixed with sand and learn the task (séé Fig.
7.1). The effect of 2DGai on learning the pebble floor task merits investigation, since

this study would show whether this inhibitor can affect an appetitive task.
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Food/send platform — N /7757

Figure 7- 1 : A schematic diagram of the modified pebble-ﬂoor training paradigm
Chicks are placed in the pen mdmdually and the extent of then' Leammg is nwasumd by the

percentage of correct pecks per unit tune

Exploiting immunblogical techniques : Immunological rhethods are powerful
tools for ihves_tigating neurochemical events during dcyelobrhent, ieaming and memory
formation. In Chapter 5, the production of a specific polyclonal antibody (R15) was
discussed. Its antigen is localized in pre- and postsynaptic structures. R15 was found to
render chicks amnesic if injected during a specified time-window and the
. immunoreactivity of its antigen was affected by training, showing an increase at 6hr

and a drop at 24hr posttrmmng

Further study would help to characterize the role of this antibody and may be

summarized as follows:

A. The time course of R15 immunogenicity could be furthér investigated at lhr, 3hr,
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and about Shr after training, and the results compared with the present data. This would

show whether R15 immunoreacu'vity peaks at a particular time-point, most probably

around the immediate posttraining period, or whether it shows a second wave.of
immunoreactivity at 5-7hr after training.

B. ELISA could be used to assess the regional and subcellular distribution of R15 in |

both control and trained chicks. Structures such as IMHV and LPO and subcellular

fractions such as SPMs and PSDs are of particular interest.

C. The effect of training on R15 immuhoreactivity could be assessed by the technique

of immunoelectron microscopy. The use of protein A;gold particles allows relative |

quantification. B

D. Despite earlier-results from posttraining R15-immunoreactivity, it is not 65vfous'

- whether these variations in the forebrain are necessary for the processing and storége of
memory. Bilateral and/or unilateral injections of the antibody into different structures -
such as IMHV and LPO would help resolve this problem. However, the existence of
asymmetry in the visual projections in the chick (mainly in méles) (Adret & Rogers,

- 1989; Boxer & Stanford, 1985) should be considered when intet;preting the fcsults .

E. R15 ha_s been shown to cause amnesia for the passive évoidance paradigm m chick.
It would be interesting to investigate its role in other training paradigms such as the
modified pebble floor task.

F. Immunoseparation of R15 antigen using samples that have already incorporated
radiolabelled fucose would show more clearly whether the antigen is a fucosylated
glycoprotein. A similar metliod was recently used by Doyle and associates to examine
training-related alterations in:sialylation of N-CAM (Doyle et al., 1991). =

G. The use of R15 in other animals such as rat would show whether similar
glycopréteins are involved in learning and memory formation regardless 6f species. As

yet there is no evidence of R15 cross-reactivity with antigens from other species.

The procedure for the production of new antisera can be modified in order to achieve
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highly specific antibodies. Thus, proteins from purified SPMs and PSIjs can be run
over an UEA.I affinity column (e.g., Zanetta, 1977), extracted fucosylglycoproteins
resolved electrophoretically and different bands corresponding to a small range of
specified molecular weight bands cut out from the gels and prepared for antibody

production.

The work reported in Chapter 5 was part of a comprehensive immunotechnological
approach to neural plasticity being employed in the BBRG. Recently, another
polyclonal antibody (R14) raised frorﬁ chick PSDs by Scholey (1991) showed similar
behavioural effects t6 those of R15. Further, it was shown to éross—rc-:z.:lctwit’h one
neural antigen from rét. The immunoreactivity of.R14 antigen increased 24hr after '
tetanic stimulation of rat hippocampus. R14.was shown to be %uhnesﬁc wﬁen chicks are
tested 24hr»after- passive avoidance training,and inj‘ections given 30, 15, or 10min
before training. However, the amncsia was not evi‘dcm llhr o} 3hr posttraining
(injectipns at 5-7hr posttraining were not included). The results of such an experiment
would show whether the R14 antigen plays a role in .information processing during the

second wave of protein fucosylation (see Chapter 4; Zamani & Rose, 1990).

The role .of. N-CAM in neural plasticity is currently under study. An anti-N-CAM
antibody has been found to affect both waves of memory processing and consolidation.
Thus, injection of this antibody around the time of training or at 6hr, but not 3hr,
posttraining, rendered chicks amnesic (Scholey, personal commﬁnication). These
results rather contrasted with those of Doyle et al. (1990) in which the antibody _
rendered rats amnésic if injected 8-10hr after training but not at other time-points.
Furthermore, rats exhibited amnesia 48hr posttraining as opposed to the 24hr shown in
| chicks. The second wave of protein fucosylation in rats is shown to occur between 7-
9hr following training whereas in the chick it seems to hzippen around 5-7hr after

training (Popov et al., 1983).
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Other analytical techniques : The lectin'. binding study (Chapter 6) préduccd a
qualitative measure of chick brain glycdproteins that are involved in memory formation
and of their sugar contents. Con.A, UEA.I, MAA, and SNA showch that the molecules
contain varying amount of mannose, fucose, NANA(a2-3)galactose, and NANA (o2-
6)GalNAc (see Table 6.3). Further, the glycoprotein of Mr 180kD was found to contain
similar amounts of these sugars to N-CAM180. It was therefore concluded that
glycoprotein180 was probably identical to N-CAM. Various anti-rat N-CAM antibodies
cross-reacted with chick brain N-CAM180 and showed similar mobility on gels to this
glycoprotein.. The use of lectins could determine whether these glycoproteins contain
- other sugars, such as GlcNAc It is assumed that almost all N- type glycoproteins
contam GIcNACc, since, as it was seen in Chapter 1, 1t is thc first sugar in thc assembly
of the common carbohydratc core of N- -type glycoprotems Puncnonal charactenzauon
of glycoproteins requires detailed knowlcdge about' the ohgosacchapde structures of
thésc molecules. As.was; poinfed out in Chai:icr i, N;type and O-type egcdprdteihs can
potentially pbssess highly complex structures. Without a full apélysis of fﬁcsc
structures a clear understanding of thc' biological functions of these r;xolecules may not
be pos51blc Until now, relatively little information has been avallable about the
ohgosacchande structures of synaptic glycoprotcms Krusius et al. (1978) have
identified five O-linked sugar chains on SPMs. Analyses of N-linked oligosacchan'dc_:s
have led to the identification of triantennary m_plg)g chains (between 60-80% of the
total sugars), biantennary structures (21%), and mgh mannose chains (13-16%) (e.g.,
Krusius et al., 1978). But, a]mos_t no hybrid oligosaccharides have been found to be
associated with synaptic glycoproteins (Gur&: 1989). Identification and characterization
of the processing enzymes involved in oligosaccharide assembly and understanding of
their mode of function will offer more insight into glycoprotein involvement in memory

formation and consolidation.
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Using two-dimensional gél elecu'ophoresis; antigens labelled with antibodiés may be
eluted from gels and their amino acid and carbohydrate sequencés analysed. This
would, however, require a highly specific antibody. Alternatively, specific antibodies
can be used in expression libraries to identify clones which express such antigens and

consequently to characterize the antigens themselves (e.g., Gurd et al., 1991).

In summary, a number of neurochemical and immunological approaches were used in
this project to identify and analyse the role of glycoproteins involved in memory .
formation and consolidation. Our interest was mainly focused on fucosylatcd
glycoproteins. This was based on published results implicating the role of theée
glycoprotcin§ in neural plasticity-in different species. We showed that the amnestic
sugar 2-deoxy-D-galactose inhibited fucose incorporatioh in a dose-response manner
both in vivo and in vitro. The in vitro pattern of proiein inhibitior. at synap'tic level
- -suggested two differential glycoprotein synthesis and distribution écrosé the synaptic
cleft. These glycoproteins were identified by gel electrophon‘:sivs using purified synaptic -

. plasma membranes (SPMs) and postsynaptic densities (PSDs).

.- In subsequent studies, training-related fucosylglycoproteins were: identified and the
timecourse of their expression as well as their sub-cellular and an.atomical distribution
were examined. An in vitro increase in the rate of fucosylation was found in the right
forebrain base, coqtaining the LPO, 4hr after passive avoidance training. Separation of
these glycoproteins by gel électrophoresis revealed a significant increase in fucose

incorporation into a 110-120kD glycoprotein component of the forebrain base.

Encouraged by these findings, the identification and characterization of training-related
glycoproteins were extensively studied using the double-labelling technique.
Subsequently, a number of glycoproteins showing significant increase in fucosylation

either 6hr or 24hr after training, or at both posttraining time-points, were identified in
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vitro. Anatomical and sub-cellular investigations localized these glycoproteins mainly
in SPMs and PSDs of LPO. In SPMs, glycoproteins of Mr 50, 41, and 33kD, and in
PSDs, those of Mr 150-180, 100-120, 62-80, 55, and 33kD showed increased

fucosylation at different time-points after training. Several other proteins showed

significant decreases in fucosylation during this period.

In order to further characterize the role of glycoproteins identified above, a series of
immunological studies were carried out. A polyclonal antibody R15 was raised against
chick forebrain and it recognized a 60-62kD ,synaptjc glycoprotein. Behavioural studies -
revealed it to render MeA-traihed birds amnesic if it wa§ intracerebrally administered |
* 30min before training. The immu'nocytochemical studies showed that R15 labelled cell
bodies, as revealed by light microscopy, and presynaptic membrane and postsynaptic
densities, by electronmicroscopy. The immunoreactivity of the R15 antigen increased

. 6hr after training, whereas it was s_ignificantly decreased after 24hr.

Using specific lectins, the R15 antigen was found to contain fucose, mannase, NANA,
galactose, and GalNAc. The sugar content of other glycoproteins that Were found to be
involved in memory formation were also examined as shown in Fig. 6.3 of Chapter 6.
Furthér analysis of neural glycoprotein§ were carried out using the technique of 2-D
PAGE. It revealed over 55 fucosylated glycoproteins in SPMs and PSDs, three of
which were located in the region of R15 antigen (60-62kD).

Finally; specific antibodies whose antigens have been implicated in learning and
memory formation were used to examine whether their immunoreactivity changed as a
result of passi‘)c avoidance training. Anti-N-CAM antibodies and anti-ependymin
antibody showed cross reactivity with chick anrtigens from SPMs and PSDs. However,

immunoblotting did not show training-induced related changes.
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Results presented here are found to be in agreement with the current understanding of
the role of neural glycoproteins in leaﬁling and memory formation and strongly support
| attempts for detailed structural and genetic analyses of these glycoproteins. Such results
would extend our understanding of the relationship between glycoproteins and

 neurobiological events involved in learning and memory formation.
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Fxgure Ap. 1 : Timecourse Of 2DGal induce& amnesia for éassive avoidancé training.
Day-old MeA-trained chicks were injected with cither 0.9% saline or
10pmol/10pl of 2DGal. The graph shows the percentage retention in chicks. |
tested 24h after trainirig.-Bold squares fcprescnting saline-injected chicks and
dotted squares ZDGal-injected birds. The number of chic;ks testcd at each time-
point were 12, 19, 16 and 19, for saline-injected birds, aﬁd 31, 19, 10, 16, 21,
33, 18, 23 and 21, for 2DGal-injected birds respectively.
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amnesia for passive avoidance training in chick. Open Nétwork Conference, Neural
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