
1+1 Nalional Library
of Canada

Bibliolhèque nationale
du Canada

Acquisitions and Direction des acquisilions et
Bibliograplilc Services Branch des services bibliographiques

395 Wellmgton Street 395. rue Wellington
Ottawa. Ontario Ouawa (Ontario)
K1AON4 K1AON4

NOTICE AVIS

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Sorne pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of .
this microform is governed by
the Canadien Copyright Act,
R.S.C. 1970, c. C-30, and
subsequent amendments.

Canada

La qualité de cette microforme
dépend grandement de la qualité
de la thèse soumise au
microfilmage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S'il manque des pages, veuillez
communiquer avec l'université
qui a conféré le grade.

La qualité d'impression de
certaines pages peut laisser à
désirer, surtout si les pages
originales ont été
dactylographiées à l'aide d'un
ruban usé ou si l'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, même partielle,
de cette microforme est soumise
à la Loi canadienne sur le droit
d'auteur, SRC 1970, c. C-30, et
ses amendements subséquents.



•

•

IN VITRO CHARACTERIZATION OF A CELL SURFACE MOLECULE
EXPRESSED BY CERTAIN CELLS OF NEUROECTODERMAL AND

MESENCHYMAL ORIGIN

BINA MITTAL

Centre for Research in Neuroscience
Departrnent of Neurology and Neurosurgery

McGilI University, Montreal, Canada
February, 1994

A Thesis submitted to
The Faculty of Graduate Studies and Research

in partial fulfiIIment of the requirements for the degree of
Doctor of Philosophy

€l Bina Mitlal, 1994



1+1 National Library
of Canada

Bibliothèque nationale
du Canada

Acquisitions and Direction des acquisitions el
Bibliographie Services Branch des services bibliographiques

395 Wellington Streel 395. rue Wellington
Ollawa.Onlario onawa (OntarIO)
K1AON4 K1ft.ON4

Th~ author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribuie or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced .without
his/her permission.

L'auteur a accordé une licence
irrévocable et non exclusive
permettant à la Bibliothèque
nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de sa thèse
de quelque manière et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
thèse à la disposition des
personnes intéressées.

L'auteur conserve la propriété du
droit d'auteur qui protège sa
thèse. Ni la thèse ni des extraits
substantiels de celle-ci ne
doivent être imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-315-94686-5

Canada



•

•

Ta my parents

II



•

•

iv

A8STRACT

A<.Ihesive intecactions between neurons an<.l astrogIia are Iikely to play an important role

<.Iuring central nervous system <.Ievelopment. Using a monoclonal antibody (<.Iesignated

MAb 1AI) raised against puritied neonatal rat astrocytes, 1 have characterized some

of the in vitro functional and biochemical propcrtics of a potentially novel cell surface

molecule. By indirect immunofiuorescence, the antibody labels subpopulations of

astrocytes (fiat type-l astrocytes and Bcrgmann gIia) and cells derived from the

mesenchyme (leptomeninges and tibroblasts). The latter showed 1A1+ immuno

reactivity only when grown to confiuency. Cell-cell contact and extracellular matrix

molecules were found to play a role in the regulatioll of 1A1 antigen expression on

leptomeninges. 1A1 Fab fragments inhibited the binding of neuron to astrocyte and

astrocyte to astrocyte, but not of neuron to neuron in an in vitro adhesion assay, thus

imlicating that this surface antigen may function as a cell adhesion molecule on

astrocytes. Addition of Fab fragments of MAb 1A1 also reduced leptomeningeal cell

adhesion. Further functional antibody perturbation expt:riments indicated that this

surface molecule mediates neurite outgrowth on astrocytes and neuronal migration on

Bergmann glia via a heterophilic-binding mechanism. Both immunoprecipitation and

immunocytochemical analysis showed the timing of 1A1antigen expression in postnatal

rat cerebellum to coincide with the developmental period of granule cell migration

along Bergmann gIia. On SDS-PAGE, the immunopurified lAI surface molecule

migrated as a single molecular weight band of "" 135 kd and appeared to be poorly

glycosylated. Based on ilS unique cell-type distribution, functional properties and

biochemical analysis, this 135 kd glycoprotein is likely to be distinct from other known

cell adhesion molecules expressed on astrocytes.
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RltSUI\Ü:

Lcs interactions adhésives entre les neuroncs clics astroglics juucnt probablcmcnt un

rôle importalll pendant le développement du systèmc ncrvcux cclllrai. Avec un anti<:orps

monoclonal (désigné MAb lA 1) dirigé contre les astrocytes purifiés de rat néonatal, j'ai

caractérisé in vitro quelques unes des propriétés fonctionnelles et biochimiqucs d'une

nouvelle molécule de surfare, Par immunol1uorescence indirecte, l'anticorps marque

des sous-populations d'astrocytes (plats type-I astrocyte et glie de Bergmann) ct les

cellules dérivées du mésenehyme (Ieptoméninges el fibroblastes), Ces dernières onl

me,ntré une réaction positive seulement quand elles atteignaient conl1uence. Il a été

démontré que les molécules impliquées dans les contacts entre cellules et celles de la

matrice extracellulaire modulent l'expression de l'antigène lAI sur les leptoméninges.

Les fragments Fab lA 1 ont inhibé l'attachement du neurone à l'astrocyte ct de

l'astrocyte à l'astrocyte, mais pas les attachements de neurone à neurone dans un lest

d'adhésion in vitro, ee qui indique donc que eet antigène de surface peut fonctionner

comme une molécule d'adhésion cellulaire sur les ast.'ocytes, L'additi~n de fragmcnts

Fab de MAb lAl a aussi réduit l'adhésion des cellules des leptoméninges. D'autres

expériences fonctionnelles d'inhibition utilisant l'anticorps lA 1 indiquelll que cette

molécule de surface permet la croissance de neurites sur les astrocytes et la migration

neuronale sur la glie de Bergmann par un mécanisme de liaison hétérophile. Les

analyses d'immunoprécipitation et d'immunocytochimie ont démontré que l'expression

de l'antigène lAI dans le cervelet du rat postnatal coïncide avec la période de

développement des cellules granulaires migrant le long de la glie de Bergmann, Sur

SDS-PAGE, la molécule de surface lAI immunopurifiée a migré en une bande simple

d'un poids moléculaire de "" 135 kd et est apparue faiblement glycosylée, Compte tenu

de sa distribution cellulaire unique, ses propriétés fonctionnelles et l'analyse

biochimique, cette glycoprotéine de 135 kd est probablement distincte des autres

molécules d'adhésion cellulaires connues qui sont exprimées sur les astrocytes,
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OVERVIEW

Astrocytes are thought to play illlpOrlalll rolcs in intlucncing axon growlh dllring

development and after h~ury to the adult CNS. Thc objcctive of my rcsearch was to

identify and characterize a novel aSlrocytc ccII surface moleclilc involved in nellron

astrocyte illleractions. For this purposc, monoclonal alllibodies wcre gcncrated using

cultured rat astrocytes as the imlllunogcn. Several posilive hybridomas werc obtaincd.

One of these (monoclonal antibody lA 1) appcars 10 rccognÎze a nove! astrocytc ccII

surface molecule. In this thesis, 1 report Ihc functional and biochcmical

charactcrization of a distinct astwcytc surfacc molccule (1 A1 antigen). Il has bccn

shown previously that N-CAM, N-caùherin. and illlcgrins of lhc (3, subclass mcùiatc

neurite outgrowth on monolayers of astrocylcs (Reicharùt et al., 1989). The mcthoùs

used to characterize anù study the lA 1 antigcn werc silllilar 10 thosc uscd for othcr

adhesion molecules, such as N-CAM. 1address, in this thesis, the following qucstions:

i) what is the cellular distribution of thc 1A1 anligen in both neural and non-neural

tissues? ii) the species specitïcity of Ule 1AI allligcn, iii) lhe role of the 1A1 antigcn

in neurite oUlgrowth and neuronal migralion in lhe ùeveloping CNS, iv) thc regulation

of expression and adhesive functions of Ule 1A1allligcn in non-neural (Ieptomeningcs)

eeUs in vitro, and v) wheUler Ule lAI amigen is a novel molecule based on the in vitro

and biochemical characterization?

As background for Ulis work, 1will tïrst review studies dealing WiUl astrocytes,

and developmental events Ulat are associated with these cells. Emphasis will be placeù

on adhesion molecules involved in mediating neurite outgrowth and neuronalmigralion

on astroeytes. In addition, since the lAI antigen is also expressed by Icptomcningeal

ceUs, slUdies on the origin and role of leptomeninges will also be reviewed.



•

•

XII

CLAIMS FOR ORIGINALITY

The research described in this thesis has focussed on the in vitro characterization of a

po!enlially novel ccII surface molecule, designaled as 1A1. The following points

represent original data presented in this thesis using the MAb lAI.

1. The 1A1 antigen is a cell surface 1Il0iecuie expressed only by astrocytes (nat
type-I astrocytes and Bergmann glia) in the CNS and by certain
lIlesenchYlllally-derived cells (Ieptollleninges and fïbroblasts).

2. Ils expression differs in neuroectodermal and lIlesenchymally-derived cells.

3. The epitope recognized by the MAb 1A1 is species-specifïc and is expressed in
rat but not mouse, chick or human tissues.

4. The 1A1antigen is a cell surface glycoprotein with a molecular weight of about
135 kd on SDS-PAGE.

5. The lAI antigen has no interchain disultide bonds and lacks the tripeptide HAV
cell recognition sequence found in cadherins.

6. The lAI antigen has adhesive functions lIlediating neuron-astroeyte, astrocyte
astrocyte, and leptomeningeal cell adhesion.

7. The 1A1 antigen is involved in neurite outgrowth on astrocytes, and glial
guided neuronal migration along elongated (Bergmann) glia in vitro.

8. Cell-cell and cell-matrix interactions play a role in the regulation of lAI antigen
expression in leptomeninges.
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ln lhis chapler, 1 will coyer somc of Ihe gencral J"calures of aslroeyles, such as the

identification and origin, because my thcsis work dcals with Ule charaeterization of an

aslrocyle surface molecule. An overview of Ihc slruclure and funclions of the major

families of eell adhcsionllloiccules (CAMs) as weil as the extraeellular malrix (ECM)

glycoproteins and their receplors, that arc assodalcd with astroeytes will also be

presented. The main fo:::us of Ule latter section will be to discuss Ule adhesion

molecules found on astrocytes that might play a role inneurile outgrowtll and neuronal

migration. This will be followed by a brief review of leptomeningeal cells, because

the fourth chapter of my thesis deals with the characterization of the 1A1 ailtigen on

leptomeningeal cells.

1.1 Historica1 basis of astrocytes

ln 1846 Rudolph Virchow, while studying sections of human brain tissue, observed an

interstitial component morphologically dislinct l'rom neurons, which he named

"ncuroglia" or nerve glue (Virchow, 1846, (856). The term neuroglia was used by

Virchow to identify Ulis component because he believed Ulat il served as a support

element for neurons. Named for tlleir "star-shaped" morpho10gy, astrocytes were

subsequently identified in tissue sections by metallic-impregnation staining techniques

Ulat were introduced by Camillo Golgi and further developed by Santiago Ramon y

Cajal in tlle carly twentietll century (reviewed by Tower, 1988). The gold clùoride

sublimate procedure (Ramon y Cajal, 1913) clearly showed Virchow's support clements

in Ule centralnervous system (CNS) as a distinct c1ass of non-neuronal cells which are

now classified as macroglia (Peters et al., 1991). Besides astrocytes, oligodendrocytes

constitute Ule other macroglial celi-type in the CNS. Oligodendrocytes and a third type

of glia, the microglia, were first defined by PlO del Rîo-Hortega (1919). These glial
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constÏluenls form about hall' the volume of the hrain. and uut-numher neuwus hy

IO-fold in the mammalian CNS (Pope. 1978). or these eells. astrocytes conslitute lhe

principal maeroglial ccII in tÏle CNS (Popc. 1978). Astweytes surroullli neurons and

their proeesses, andmaintain close contact with bloOlI vessels via eytoplasmic processes

ealled endfeet (l'eters et al., 1991). Astroeytcs also respond to injury by forming dense

glial sears (Reier, 1986; Malhotra et al., 1990). Thus, astroeytes play a dymunic

funetion in the brain, and are now known to have several important roics iu the

mammalian CNS, much more than a supporlive role as originally thought (reviewed

by de Vellis, 1993). The development of methods for identifying and eulluring

astroeytes l'rom defined brain regions has provided the possibility of studying the

funetions of astroeytes in the normal anù injured CNS. Furthermore, in view of the

growing evidenee that the astroeyte population is morphologically, biochemically, and

physiologically heterogeneous (Raff et al., 1983a; Chneiweiss ct al., 1985;

l'apasozomenos and Binder, 1986; Patel, 1986; Rosenberg and Diehter, 1987; Barbin

et al., 1988; Barres et al., 1988; Hansson, 1988; Balter and Kessler, 1991; McCarthy

and Salm, 1991; Batter et al., 1992; Qian et al., 1992), it is likely that region-specifie

astroeytes subserve funetional specialization within the CNS (Wilkin et al., 1990).

1.2 Identification and function of astrocytes

1.2.1 Glial fibrillary acidic protein in as trocy tes. Antibodies against specifie

markers have been utilized to identify neural cells in both mature and developing

systems in vivo anù in vitro (Raff et al., 1979; Mirsky, 1980). Astroeytes l'an be

identified by their cytop1asmie expression of a specifie type of intermediate filament

protein, glial fibrillary acidic protein (GFAl') (Bignami et al., 1972). In the CNS, this



o

•

4

protein is characteristic of mature and differentiated astrocytes (Bignami et al., 1980).

The mesenchymal-type of intermediate filament protein, vimentin, is normally found

in immature astrocytes and in some reactive astrocytes following injury (Pixley and de

Vellis, 1984). The transition from vimentin to GFAP usually occurs during astroglial

differentiation (Bignami and Dalù, 1985; Schnitzer, 1988; Voigt, 1989) at the tune

when axon ingrowth has ceased (Bovolenta et al., 1984). In the rat cerebellum,

vimentin to GFAP transition was shown to correspond to the onset of myelination

(Dahl, 1981). On the other hand, both vimcntin and GFAP may also be localized in

thc same filaments as shown in human glioma ccII 1ines (Sharp et al., 1982; Wang et

al., 1984), and may coexist in mature astrocytcs in vivo (Schnitzer et al., 1981).

Vimentin and GFAP have been reported to coexist in varying proportions in cu1tured

astrocytes (Fedoroff et al., 1983; Chiu and Goldman, 1984; Eng et al., 1986), and in

Bergmann glial fibers of the adult mouse cerebellum (Bovolenta et al., 1984).

Vimentin may also be present simultaneously with GFAP in oUler specialized cells of

Ule adult CNS, such as ependymal cells lining the ventricles and Müller cells of Ule

retina (Shaw et al., 1981; Bjôrklund and Dahl, 1985).

AIUlOUgh GFAP immunoreactivity is the most reliable way of identifying cells

of astroglial lineage in CNS tissue, GFAP-like immWlOreactivity has been found in

certain non-CNS cells, such as non-myelinating SChWaIill cells, lens epithelium, and

liver Kupffer cells (Eng et al., 1985; Yen and Fields, 1985). However, biochemica1

differences were reported in GFAP reactivity in the CNS versus non-CNS tissues. In

non-CNS tissues, Ule GFAP reactive epitope was labile to aldehyde fixatives and could

not he detected in paraffin-embedded sections (Ycn and Fields, 1985). Thus, GFAP

like immunoreactivity in non-CNS tissues has bcen reported when employing mild
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tissue-processing and more sensitive deleclion procedures (Yen and Fields, 1985). An

ex.ception to this are the glial cells of the cl1leric nervous systcm that show intense

staining for GFAP, very similar to that sccn in aslroeyles (Jessen and Mirsky, 1980).

However, it has been argued that the el1leric glia rcsemble astrocytcs of the CNS with

respect to gross and fine structure, and to somc extcnt, in function (Gershon and

Rothman, 1991). Ccrtain tumors of 1101l-lleural origill (i.e. capillary

hemangioblastoma, papillary meningioma and metastasizing renal earcinomas) have also

shown the presence of GFAP-like inllnunoreaetivily (Deck and Rubinstcin, 1981;

Budka, 1986). In Ule case of Ule hemangioblasloma, the presence of GFAP is

suggested to be due to the absorption or phagocylosis of extracellular GFAP protein

by Ulese malignant cells (Deck and Rubinslein, 1981). Rece11l1y, Feinstein cl al.

(1992) have isolated cDNA clones encoding rat GFAP l'rom both CNS (astrocyle) and

non-CNS (Schwann ccli) cDNA libraries. Their sludies revealed differences in UIC

structures of GFAP in the two cell-lypes, at both mRNA and protein level (Feinstcin

et al., 1992), and may explain Ule immunochemical differences observed in CNS and

non-CNS GFAP as stated eartier.

The functional role(s) of Ule intennediate liIament protein, GFAP, during CNS

development or in the normal adult brain is not known. GFAP is similar in structure

to other types of intermediate filament proteins, like desmin, vimentin, and peripherin

(Conway and Parry, 1988; Thompson and Ziff, 1989). Recent studies have indicatcd

that GFAP filaments are dynamic structures that may be regulated through

posttranslational phosphorylation (NakanlUra et al., 1991). Protein phosphorylation

generally involves a cascade of protein kinases, including cAMP-dependent protein

kinase (Nestier and Greengard, 1983). Il has been previously shown that membrane
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reccplors presenl on aslroeyles can funclion 10 regulale phosphorylalion of bolh GFAP

and vimenlin in cullured aslrocyles by affccling inlracclIular cAMP levcls (McCarlhy

el al., 1985). Allcrnalivcly, changes in Lhe GFAI' eyloskclclon havc bcen proposcd

lo arisc by cnzymalic cleavage by Ca"-aclivaled prolease(s) in aSlroglial cells, as

observed Wilh olher major classes of il1lermediale tïlamenls in brain tissues (Schlaepfer

and Zimmerman, 1981; Nelson and Traub, 1983). The susceptibility of GFAP to

CaH -mediated degradalion was shown 10 incrcasc wilh age (SmiUI et al., 1984),

perhaps rcflecting differences in Ule levels and/or activity of intrinsic Ca2+-aclivated

protease in astrocytes present durùlg development (SmiUI et al., 1984). Given its

dynamic structure, GFAP may Ums play a role in glial cell morphogenesis (Nakamura

et al., 1991). Metabolic studies WiUI rodent astrocyte cultures have shown Ulat Ule rate

of GFAP synthesis and its cytoplasmic accumulation can be experimentally modulated

(Chiu and Goldman, 1985). For example, the transformation of Ule fiat, polygonal

astrocyte to Ule stellate form, by varying the inilial plating densities from low to high,

is accompanied by an increase Ùl GFAP content (Goldman and Chiu, 1984a). These

aulhors and oUlers also reported an increase in lhe amount of intermediate filaments in

aslrocytes after dBcAMP trealment (Fedoroff et al., 1984a; Goldman and Chiu,

1984b). The increase in intracellular conlent of GFAP was also correlated WiUI

morphological changes from flat, polygonallo stellate, process-bearmg (Goldman and

Chiu, 1984b). Similar mcreases in expression of GFAP has been shown wiUl

monolayer cultures of rat C6 gliomas (Raju et al., 1980). Astrocytes treated wiUl

hormones, growUl factors or forskolm, or cultured in the presence of neurons have also

been found to undergo morphological transformations WiUI remodeling of glial

filaments (Hatten, 1985; Morrison et al., 1985; Pollenz and McCarthy, 1986; Culican
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el al., 1990; Gasser and Hallen, 1990a). In cultures of puritïed ral aslrocyles, GFAP

levels were increased by 2- lo 4-fold in lhc presence of hydrocortisonr, pUln:scÎnr,

proslaglandin F-201 and piluÎlary tïbroblasl groWlh faclor (Morrison rl al.. 1985).

Treatment of similar cullures wilh forskolin incrcased GFA!' and vimenlin

phosphorylation by 4-fold and 2-fold, respectivcly, and induced a morphologieal

ehange in ceUs l'rom polygonal to process-bearing (PoUenz and McCarthy, 1986). A

different type of study whieh involved the suppression of GFAP in aslrocytoma ccli

Hnes by antisense mRNA demonstrated inhibition in the ability of these cells lo l'mm

stable processes in the presence of neurons (Wcinslcin cl al., 1991). Ncuron-depcndcnl

morphological differentialion of aSlroglia in vill'll has been describcd prcvillusly

(Hatten, 1985; Nagata et al., 1986; Ard and Bunge, 1988; Culican et al., 1990; Gasser

and Hatten, 1990a). Taken together, these in vilro sludies suggest that GFA!' may be

important for the morphologieal stability of aslrocylcs. The relatively slow metabolie

turnover rate for GFAP is consistent WiUl such a structural role (Smith et al., 1984;

DeArmond et al., 1986).

Trauma to the CNS, either by lesioning or in a diseased state, is also associaled

with a substantial increase in the expression of GFAP in astrocytes (Bignanli and Dahl,

1976; Amaducci et al., 1981; Lindsay, 1986; Smilh and Eng, 1987; Aquino et al.,

1988; Takarniya et al., 1988; Malhotra el al., 1990). DUler changes include an

increase in the number of mitochondria, Golgi membranes, endoplasmic reliculum,

glycogen content and enzyme levels (reviewed by Lindsay, 1986), and in some

astrocytes intense staining for vinlentin has also been observed foUowing trauma (Dahl

et al., 1981a; Pixley and de Vellis, 1984). l'hus, astrocytes undergo proliferation and

hypertrophy. and extend numerous processes in response to diverse forms of CNS



•

•

8

injury or disease (Reier el al., 1989; Malhotra el al.. 1990; David and Ness, 1993).

Astrocytes undergoing such changes are termcd "reaclive" aslrocytes. Similar changes

also occur in vitro in response to trealtnent with cytokines, such as IL-1 (Giulian and

Lachman, 1985). In young animais, reactivc aslrocyles may have phagocytic activity

immcdiately following trauma (Fulcrand and l'rivat. 1977; Nathaniel and Nathaniel,

1981). Reactive aslrocytes can also serve as anligcn-presenting cells by expressing

surface markers lypical of cells in the immunc system, such as MHC c1ass 1 and Il

antigrns (Wong et al., 1984; Salamat et al., 1988; Hertz et al., 1990) and ICAM-1

(Frohman et al., 1989). It should be emphasizcd that regional differences arc known

to occur with respect to the astrocyte responsc to injury or disease; for instance, as

seen in Ule case of increased expression of vimentin and GFAP (reviewed by David

and Ness, 1993). The differentiai accumulation of inlermediate filament proteins in

reactive astrocytes might therefore reflect changes in their functiona1 properties.

The existence of heterogeneity in GFAP mRNA size has been reported in the

neonatal mouse brain (Lewis and Cowan, 1985). The cONA probes encoding mouse

GFAP (Lewis et al., 1984) were also used to study GFAP mRNA levels in different

regions of ilie developing mouse brain (Lewis and Cowan, 1985). These auiliors

reponed more copies of GFAP mRNA in astrocytes in ilie white matter of adult

animaIs as compared lo gray matter astrocytes, while the greatest content of GFAP

mRNA was found in astrocytes of Ule glia limitans. These results not only suggest

heterogeneity among astrocytes from different regions of Ule brain, but might aIso

reflect functional differences associated with different rates of GFAP syniliesis.

However, ilie functional significance for GFAP in astrocytes still remains unclear.

Further examination of factors that induce GFAP gene expression in astrocytes and Ule
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application of genomic probes for GFA!' in dcvcloping and injurcd CNS lissnc should

give more insighl into lhc regulatory mcchanisllls thal control GFA\' cxprcssion. In

addition, the possibilily of lransfecting 1l11IHlcural cells with cDNAs cncoding for

GFAP may help to study the precise tunclional role of GFAP.

1.2.2 Functions of astrocytes. In the normal slate, aslroeyles have an importa11l

homeostatic role in regulating extracellular pOlassium Icvcls rcleascd from c1cclrically

active neurons (Gardner-Medwin et al.. 1981; Orkand ct al., 1981; Walz ami IIcrtz,

1983), with a lü-fold higher potassium conductance reported in the endfool processcs

of astrocytes isolated from the oplic nerve of the salamander (Newman. 1986). Similar

non-uniform potassium conductance was observed in retinal Müller cells (Brew cl al.,

1986). [Curthermore, these authors showed that potassium bufferillg is mediated by a

single type of channel, with more channels beillg expressed at the endfoot of Müller

cells than elsewhere on the cell (Brew et al., 1986), and not by differe11l types of

chaIUlels at the cell body and the endfoot as suggesled previously (Newman, 1(85).

ln this respect, the demonstration of gap jUllcliolls in aslrocytes is illlerestillg

(Brightman and Reese, 1969; Landis aIld Reese, 1(74), since these conlact sites may

serve for inter-astrocytic communication (Mugnaini, 1(86). ASlrocytes are coupled

ionically and metabolically via gap junctions and have been suggested to form a

functional syncytium in vivo (Mugnaini, 1986). Furthermore, there is evidence to

suggest that changes in potassium concentration in culture act as signais for controlling

astrocyte glycogen stores (Salem et al., 1975; Pentreath, 1982; Call1bray-Deakin et al.,

1988). The mechanisms by which potassium could influence glycogen synthesis and

degradation in astrocytes are not clear, although a role for Ca2+ in cerebral glycogen

metabolism has been suggested (Ververken et al., 1982). A second specialization of
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mcmbrane structure calicd "assemblies" has bccn rccognized in aslrocytes with the

frcczc-fracturc technique (Landis and Recse. 1974: Anders and Brightman, 1979). In

parlicular, the glia Iimitans and astrocytic prm:csscs adjace11l to blood vessels manirest

a large number of assemblies (Landis and Reesc. 1981). It was therefore suggested

that assemblies may have a role in the transport of material into or out of Ule blood and

ccrebrospinal fiuid compartments (Landis and Reese, 1981). A possible role in

inhibiting axonal growth and regeneralion has also bccn suggested for Ulese assemblies

(reviewed by Reier, 1986). It was shown that devc\oping astroeytes which provide a

substrate for neuronal migration and axonal growth lack assemblies, as do astrocytes

l'rom thc adult amphibian which allow regeneration (Anders and Brightman, 1979;

Wujek and Reier, 1984). In contrast, assemblies are numerous in mammalian

aslrocytic scars, which have been reported to be inhibitory to axon growUI and

pcnctration (Wujek and Rcie..., 1984; Rcicr. 1986).

Astrocytes also particior,te activcly in the melabolism of various

neurotransmitters. The presence of receptors for different neurotransmitters and

neuromodulators has been demonstraled on astrocytes, WiUI regional differenees

(I-Iansson, 1988). Such regional heterogeneity can be seen, for instance, in the case

of glutamate uptake proeesses (Drejer et aL, 1982). Glutamate was shown to induee

an increase in free calcium propagating as waves within Ule cytoplasm of eultured

hippocampal astrocytes, and may l'laya role in rapid signal transmission wiUlin Ule

brain (Cornell-Bell et aL, 1990). Glutamate released From neurons is converted into

glutamine by glulamine sy11lhetase. In the brain, glulamine synthetase is fOWld

exclusively in astroeytes and Ulerefore serves as another specific marker for astrocytes

besides GFAP (Norenberg and Martinez-Hernandez, 1979). It has been shown Ulat
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astrocytes l'rom Ùle neostrialum with predominanlly glulamatergic input have a higher

uptake capacity for glutamate as compared to aslmcyles originating l'rom other brain

regions (Fonnum et al., 1981; Drejer el al., 1982). In another sludy, Patl'! l: al.

(1985) reported variations in glutamine synthelase aetivity in astrocytes l'rom different

brain regions. Similarly, McCarùlY and his col\eagues have very dearly demonslraled,

using a combination of autoradiographie and immunocytoehemieal leehniques, the

presence of J3-adrenergic receptors on the l1at, polygonal aStrocyles, bUl not the

process-bearing astrocytes (Burgess et al., 1985). These observations arc in contrasl

to the a,-adrenergic reeeptor expression which, unlike the J3-adrenergic receplor, is

associated with the majority of the process-bearing aSlrocytes (Lerea and McCarthy,

1989). More examples of regional heterogeneity have been found on astroeytes wilh

respect to receptor sites for various Olher neurotransmillers, such as histamine and

dopamine (Murphy and l'earce, 1987).

Other roles of astrocytes include lhe induction of blood-brain barrier properties

in non-neural endothelial cells (Arthur el al., 1987; Janzer and Raff, 1987), and lhe

differentiation of oligodendrocytes by release of PDGF (Raff et al., 1988). ASlrocytes

also produce oùler trophic faclors necessary for the survival and differentialion of

neurons (reviewed by David, 1993). In addition, astrocytes parlicipate actively in

repair and regeneration of the CNS tissue (reviewed by Lindsay, 1986; Reier, 1986).

During developmcnt, astrocytes and their embryonic precursors may have a role in

guidance of neuronal migration and axonal growth (Rakic, 1971; Hallen et al., 1984;

Smith et al .• 1986; Reichardt et al.. 1989). This aspect is discussed in more delail in

section 1.4.

There is growing evidence pointing to region-specific interactions betweell
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astrocytcs and ncurons, c.g., astrocylcs dcrivcd l'rom spccific brain regions

differcntially support ncuronal differentialion (Dcnis-Donini et al., 1984; Chamak et

al., 1987; Autillo-Touati et al., 1988; Barbin ct al., 1988; Chamak and Prochiantz,

1989; Qian et al., 1992). For instance, the 1lI0rphology of embryonie mouse

IlIcscncephalic dopaminergic ncurons was strongly inlluenced by the regional origin of

lhc astrocylcs aftcr 2 days in cullure (Denis-Donini ct al., 1984). Onmesenccphalic

aslrocyles (homotopie cocullures), dopaminergic neurons had complex multipolar,

highly branched neurites. In comparison, on striatal aslrocytes (heterotopie cocu!tures),

most neurons were mono- or bipolar, and almost devoid of secondary branches (Denis

Donini et al., 1984). The functional variations in astrocytes observed within cell

populations derived l'rom the different brain regions may be due to the biochemieal and

physiological heterogeneity of astrocytes, as already discussed with regard to GFAP

expression (Lewis and Cowan, 1985), membrane structural properties (Landis and

Reese, 1981; Batter et al., 1992), and neurotransmitter receptor systems (Hansson,

1988). Additionally, astrocyte heterogeneity has been observed with regard to the

expression of ion channels (Barres et al., 1988, 1990), surface glycoproteins (Barbin

et al., 1988) and adhesion molecules (Chamak and Prochiantz, 1989), as weil as in the

production of diffusible factors (Qian et al., 1992). Such heterogeneity must underiie

the region-specific interactions between astrocytes and neurons, as weil as other cells

present in the nervous system, including cells of non-neural origin such as endothelial

cells.

1.3 Oril:in and subtypes of astrocytes

The classieal concepts about the formation and differentiation of neurogliaI cells have

changed considerably since the turn of the century. In 1889, Wilhelm His proposed
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the existence of two types of primitive stem cells in the neural tube. Ile suggested that

neuroglial cells including astrocytcs arc derivcd l'rom columnar epithclial cells 01'

spongioblasts, whilc neurons arise from a histologically distinct subpopnlalion of

epithelial cells or germinal cells (His, 1889J. An opposing view was put forwanl by

Schaper (1897), and later by Sauer (1935), who considered the two cell-types deseribed

by His to simply represent different mitolic phases of the same type of cciI. Ilence,

unlike His's earlier perspective, the velllricular zone was eonsidered to be

homogeneous in its cellular composition. Evidence from tritiated thymidine

autoradiographie studies also supported the concept of the ventricular zone consisting

of a homogeneous stem ceU population (Fujita, 1963). Thus, it is now widely accepted

that glial ceUs, like neurons, must originate from the same primitive neuroepithelium

in the ventricu1ar zone and possibly in the subvelllrieular zone (Privat and Leblond,

1972; Jacobson, 1978). Since few progenitors have been eharacterized in the

ventricular ceU1ayer, mainly due to morphological similarities among the cells within

the ventricu1ar zone (Jacobson, 1978), it is not known precisely when the

neuroepithelial ceUs become destined to be glial precursor cells. More recelll studies,

however, have shown that some astrocytes, and in some cases oligodendrocytes (Choi

and Kim, 1985), arise from radial glia which themselves become established during the

first half of embryonic life depending upon the species (Choi and Lapham, 1978;

Schmechel and Raide, 1979a; Levitt and Rakic, 1980; Dal11 et al., 1981b; Schnitzer

et al., 1981; Bovolenta et al., 1984). In adult mammals, radially oriented glia persist

on1y in the retina, cerebellum and hypothalamus, and are called Müller glia. Bergmann

glia and tanycytes, respectively (Peters ct al.. IlJlJ 1J.

Our know1edge about the cellular and molecular mechanisms that induce the
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progenilor ccII populalion in aequiring glial characterislics in vivo has been somewhat

limited duc to the lack of an adequate number of specitie markers. Two monoclonal

anlibodies recognizing distinct surface gangliosides: polysialoganglioside reeognized by

the monoclonal antibody (MAb) A2B5 (Eisenbarth ct al., 1979) and GD3 ganglioside

(Goldman et al., 1984) have allowed the identitïcatiol1 of glial precursors in cultures

of the newborn rat optie nerve and the fetal subventrieular zone, as weil as Ùl cultures

of the developing white matter of the cerebrum and cerebellwn (Raff et al., 1983a,b;

Miller et al., 1985; Goldman et al., 1986; Curtis et al., 1988; LeVine and Goldman,

1988; Reynolds and Wilkin, 1988). Antibodies 10 Ran-2 (Bartlett et al., 1981), Rat

401 (Ilocktield and McKay, 1985), now detincd as a novel intermediate tïlament

prolein, neslm (Lendahl el al., 1990), and RCI/RC2 (Misson et al., 1988; Edwards

el al., 1990) also bind 10 anligens expressed by lhe glial Iineage-reslricted progenitor

cell (Abney et al., 1981; Frederiksen and McKay, 1988; Misson et ai., 199Ib). Thus,

Ule acquisilion of these glial ccll-specific amigens mighl be mdicative of an ùlitial step

in Ule divergence of neuronal and glial cell Iineages (reviewed by Call1eron and Rakic,

1991).

Aslrocyte Iineages have been studied bolh Ùl vitro and mvivo m several anÙ11als

including monkeys, humans, rats, and mice (Fedoroff and Doerùlg, 1980; Levilt and

Rakic, 1980; Choi, 1981; Raff et al., 1983b; Goldman et ai., 1986; Skoff, 1990). As

already mentioned, ail aslrocyles have been suggesled to arise from ilie proliferalmg

immalure neuroeclodermal cells which may or may not pass through the transient stage

of radial glial cells. That some astrocytes may develop from embryonie radial glial

cells has been based upon several lines of evidence (Levilt and Raidc, 1980; Choi et

al., 1983; Rickmann el al., 1987; Misson et al., 1991b). This was confirmed using
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antibody labeling in vitro (Culiean et al., 1990), as weil as using vital ùye markers in

vivo (Voigt, 1989) to ùireel1y ùemonstrate the morphologicaltransformationof radial

glial cells illlO mature GFAP-expressing astrocytes (Voigt, 1989; Culiean et al., 1990).

During development neurons are guiùeù in their migrations by l1le raùial glial cclls

(Rakic, 1971). During this migratory phase, radial glia remain as non-dividing cclls

(Schmechel and Raide, 1979b; Raldc, 1981). However, once migration is eompleled,

radial glia in most regions start proliferation and ùifferentiate into astroeytes with

shorter processes (Sehmechel and Rakic, 1979a). The transformation of the bipolar

radial cell into the multipolar form of astroeyte may oceur direetly or with the

monopolar radial form as an intermediate stalc of transformation (Misson cl al.,

1991b). It has been suggested that the signais that inl1uce the transformation of radial

glia to mature forms of astrocytes may come from differentiating neurons, sinee the

morphological change oceurs at a time when neuronal migration along radial glial

libers is completed (Misson et al., 199Ib). In vitro studies have proviùeù strong

support for neuronal influence (Hatten, 1985; Culiean et al., 1990), and have furl1ler

suggested that l11e neuron-depenùent transformation may be membrane-medialeù

(Hatten, 1987). In addition, during the transformation radial glial cells change their

biochemical properties as evideneed by the loss of vimentin, Rat-40 1 anù RC 1

inlmunoreaetivity (Bovolenta et al., 1984; Pixlcy anù de Vellis, 1984; Hoekfield anù

McKay, 1985; Culican et al., 1990; Edwards et al., 1990). Changes in the expression

of other antigens might also occur during subsequent astroglial cell maturation (Smith

et al., 1993). The newly formed astrocytes arc also likely to assume different

functions.

The possibility of direct transformation of ventricular cells to astroglia was firsl
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suggested by Skoff et al. (1976a) in the developing rat optic nerve. Astrocytes are the

rirsllllaerogliai eells lo differenliale in the nerve. l'irsl appearing around elllbryonic day

16 (E16) (Skoff et al., 1976b). Fedoroff and his eolleagues (1980, 1984b) have

followed Ule astroglial ccII Iineage from glioblasls isolated from ventricular and

subventricular zones to differentiated astroeyles, and have correlated Ule stage of cell

differentiation with changes in Ule eytoskelelon and Illorphology (Fedoroff, 1985).

Olher studies have also shown that astroeyles ean dilTerentiate from neuroepithelial

progenitor cells in primary culture (Goldman et al., 1986; Temple, 1989). Raff and

his colleagues (l983a,b) used immunocylochemical meUlOds to derme two separate

astroglial Iineages in cultures of Ule developing ral optic nerve (discussed later).

However, several questions remain eontroversial. Il is not known wheUler Ule different

patterns of gliogenesis observed in vitro correlale to development in vivo, or wheUler

it refieets the plasticity of neural eells in culture. As mentioned earlier, there are

differences in astrocytes in various regions of the CNS. How these different astrocytes

are developmentally related to each oUler is not known. For Ulis, Ule use of a lineage

marker to trace clonai deve10pment in vivo has been a major step in determining single

celllineages (Sanes et al., 1986; Price et al., 1987; Cepko, 1988; Luskin et al., 1988).

TIle meUlOd uses a recombinant retrovirus to insert a foreign gene into Ule genome of

a dividing tell. The product of Ule gene is then detected histochemically in Ule

progeny of Ule infected ccli. The main criticism with Ulis technique would reside in

Ule timing of Ule infection. However, if coupled WiUl in situ morphological and Ule

use of existing immunological markers as weil as the development of additional novel

markers for inlmunocytochemical studies in vivo, clonai analysis would facilitate our

understanding of Ule unanswered questions related to gliogenesis.
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Traditionally, two distinct populations of astroeytes have been identilied in the

normal vertebrate CNS as a result of sludies earried out by Carl Weigert (1895) ami

Ramon y Cajal (1909, 1913). Weigert sludied the distribution of glial libers and

demonstrated numerous librils present in aslroeyles of the white maller (Weigert.

1895). These astrocytes are referred to as librous astrocytes, and have a ste\lale,

proeess-bearing morphology. The astrocyles found in the gray maller, on the olher

hand, generally contain fewer fibrils and consequenlly have been called proloplaslllic

aslroeytes. However, in pathological conditions. protoplaslllic astrocyles lIIay acquire

dense fibrils (Peters et al., 1991). Unlike librous astrocytes, protoplaslllic astwcyles

have sheet-like processes associated with ncurons and blood vesscls. Thus, in addition

to their in vivo location, the two types of astrocytcs differ from each other in thcir

morphology whieh became apparent with the use of Cajal's gold sublilllale lIIethod

(Ramon y Cajal, 1913). By electron microscopy, librous and protoplasmic astrocyles

differ in their ultrastructure (Peters et al., 1991). Besides these two types of

astrocytes, speciaiized forms of astrocytes are defined in the normal CNS and include

the radially oriented glia mentioned earlier.

Raff and his colleagues (1983a) have further demonstrated two types of

astrocytes in cultures of perinatal rat vptie nerve using cell-type specifie antibodies, and

have termed them as type-l and type-2 astrocytes. The presence of similar type-l and

type-2 astrocytes have also been shown in cultures of neonatal rat cerebrum and

cerebellum (Williams et al., 1985; Levi et al., 1986). The most obvious difference

between the two subpopulations of astrocytes in cullure is that type-l astrocytes have

a fibroblast-like morphology, while type-2 astrocytcs are process-bearing (Raff et al.,

1983a). Other distinguishing properties of the two astrocytes include: (i) the presence
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of specifie cell surface antigcns, (ii) the timing of differentiation, (iii) the difference in

cclllineagc, (iv) the distribulion in vivo, and (v) the differences in response to groWUl

factors and (vi) to injury (reviewed by Miller et al., 1989; Raff, 1989). For instance,

lype-l astrocytes react with MAb Ran-2 (Banlett ct al., 1981), but not with MAb

1\2B5 (EisenbarUl et al., 1979). ln contrast, type-2 astrocytes are labeled with MAb

1\2135 (Raff ct al., 1983a) and show Iiule or no rC<lctivity with MAb Ran-2 (Raff ct al.,

1984). FurUlermore, cell dissociation and tissue culture studies indicate Ulat type-1

astrocytes appear early in rat development, Le. at arowld E16, whereas type-2

astrocytes appear later in Ule second postnatal week (Miller et al., 1985). Also, studies

involving complement-dependenllysis indicale that type-1 and type-2 astrocytes are

derived l'rom two distinct astrocyte lineages (RaiT et al., 1983a,b; 1984). The Ran-2+

cell population contains precursor cells for type-1 astrocytes, while Ule type-2

astrocytes are derived l'rom Ran-2-, A2B5+ bipotential progenitor cells (0-2A) Ulat are

also capable of differentiating into oligodendrocytes in serum-free mediwn (Raff et al.,

1983b; Saneto and de Vellis, 1985). Subsequent studies on c10ned ceUs strongly

supported Ule view Ulat individual 0-2A progenitor ceUs are bipotential (Temple and

Raff, 1985). Extensive in vitro work has further led to Ule identification of factors

released by type-1 astrocytes inlluencing Ule proliferation and differentiation of ilie

0-2A progenitor ceUs (reviewed by Lillien and Raff, 1990). However, Ulere is some

controversy in Ule literature about Ule existence of type-2 astrocytes in vivo. The

morphologica1 and immunocytochemical studies of mitotic ceUs in Ule rat optic nerve

in vivo have shown Ulat oligodendrocytes and astrocytes originate l'rom separate

lineages, and only one wave of astrocyte proliferation was observed aroWld ilie tÎl11e

of birili (Skoff and Knapp, 1991). FurUlermore, since ilie A285 MAb is a poor
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marker in vivo, the identilïcation of type-2 astrocyle in vivo has not becn established

with certainty (Noblc, 1991). Despilc thc ullcel'lainly of thc existence of lype-2

astrocytes in vivo, in vitro studies clearly indicale lhat Ilat, typc-l astrocytes dilTer

l'rom process-bearing type-2 astrocytes in their ccII Iineage, surface phenotype and

other charaeteristies pointed out earlier.

1.4 Developmental events associated \Vith astl"llcytes

As mentioned earlier, astrocytes are Ule Iïrst glial ccII-type to differentiate during CNS

development. Interactions of astrocytes with different types of brain cells durillg

development are Ulerefore important for normal function of the nervous system. Most

detailed studies on such intercellular interactions have been carried out between

astrocytes and neurons. Astrocytes are thought to inlluenee neuronal development in

a variety of ways, such as by secreting trophic factors necessal'Y for neuronal survival,

and by guiding migrating neurons and growing axons to Uleir appropriate locations

mediated U1rough adhesive mechanisms. III this section, 1 will review thc main

fmdings for astroglial support of neuronal migration along Bergmann glia, as weil as

discuss sorne of ilie evidence for axonal growth on astrocytes in vivo.

1.4.1 Neuronal migration. In Ule developing ccrebellum, the close association of

Bergmann glial fibers and granule cells was lirst noted by Gustaf Retzius (1894). In

1971 Rakie published a Golgi and electron microscopic study on ilie relationship of the

migrating granule cell to the Bergmann glial libers in the rhesus monkey cerebellum.

The close proximity of migrating neurons to radial glial processes has been reported

in oilier regions of ilie deve10ping CNS as analyzed by three-dimensional

reconstructions of seriai electron micrographs (Rakic, 1972, 1978, 1981; Rakic et aL,
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1974). These studies led to the suggestion that radial glia, that span the thickness of

the neural tube, might help guide developing neurons from the ventricular zone to

reach their final destinations.

More recently, Hatten and her colleagues have developed an in vitro model

system in which glial-guided neuronal migration can be observed in real time using

time-Iapse video microscopy (Hatten et al., 1984; Edmondson and Hatten, 1987).

Their findings (Edmondson and Hatten, 1987; Hatten, 1990) showed that (i) neuronal

migration is bi-directional in vitro when the astroglial process is oeeupied by a single

neuron. When two or more eells are migrating along the process, migration becomes

oriented, (ii) neuronal migration is sallatory, moving at an average speed of

20-60 pm/hr in vitro, and (iii) neuronal migration involves an active movement of

neuronal ccII soma along the astroglial process. ralher than simply transloeating the

nucleus through the cytoplasm. Moreover, a specialized jWlction is found between the

migrating neuron and Ule astroglial process. The cytological features of Ule migrating

neuron in vitro (Hatten et al., 1984; Edmondson and Hatten, 1987; Gregory et al.,

1988) c10sely matched Ule in vivo fmdings made by Rakic (1971, 1972). The close

apposition of migrating neurons to radial glia has furUler suggested Ulat membrane

adhesion systems provide Ule molecular basis for neunmal migration in Ule developing

CNS, several of which have been identified by functional antibody perturbation studies

(will be reviewed in section 1.5.2). Neuronal migration along Bergmann glia was

shown to be mediated by the ECM molecules tenascin/cytotactin and astrochondrin,

and the neuronal surface molecule astrotaetin (Chuong et al., 1987; Fishell and Hatten,

1991; Husmann et al., 1992; Streit et al., 1993). Other studies have suggested that Ule

meehanism for glial-guided neuronal migration is conserved among brain regions
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(Gasser and Hatten, 1990b; Hatten, 1990). In heterolypie reemllbinalions of neurons

and glia from mouse cerebellum and rat hippoeampus, neurons were shown lomigrale

on heterotypie glial proeesses with similar dynamics 10 that observed in homOlypie

neuronal migration (Gasser and Hatten, 1990b). More reeemly, the dynamics of

neuronal migration was visualized in situ by implal1ling labeled neuronal preeursor cells

in the developing cerebellum (Gao and Hatten, 1993). In addition, stullies involving

retroviral labeling of neurons demonstrale substantial alignment of labcled migraling

cells with RC2+ glial fibers (Misson et al., 1991 a). These experimel1ls proville gooll

evidence that astroglia are involvell in neuronal migralion.

1.4.2 Axonal growth. Silver and his colleagues (Silver and Sidman, 1980; Silver et

al., 1982; Silver, 1984) have examined the involvement of astroglial cells in the

development of axons. These investigators reported lhat axons of retinal ganglion eells

grow and become segregated into discreLe regions of lhe optie stalk beeause of Lhe

presence of tunnel-like spaces that are Iined with neuroepithelial cells thought to be

glial precursors. Il is along the Î1Uler surfaces of these tutmels that axons normally

grow (Silver and Robb, 1979; Silver and Sidman, 1980). Failure in the formation of

these tutmels as seen in mutant mice results in retinal degeneration (Silver and Robb,

1979). It was conc\uded from these experiments that the embryonic glia Iining the

tutmels must offer permissive surfaces Ulat promote axonal growUl (Silver and Sidman,

1980). Silver and Rutishauser (1984) also showed that N-CAM is expressed by Ule

cells lining the tutmels. Similarly, the presence of glial cells which form a "sling" or

bridge-like structure connecting the two hemispheres was shown to be necessary for

the formation of the corpus callosUll1 (Silver et al., 1982; Silver and Ogawa, 1983).

The growth of callosal fibers is aborted in animais lacking the glial sling, owing to
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mutation or because of surgical manipulation (Silver and Ogawa, 1983). If, however,

a sling is provided in the form of a small piece of IiIter paper implanted into the

midline region of embryonic or early postnatal acallosalmice, astroglial ceIls migrate

onto the IiIter, followed by axons which cross the midline (Silver and Ogawa, 1983).

Others have also reported that glia may scrvc as an effective substrate for axon

growUl in Ule mouse visual system in vivo (Bovolcnta and Mason, 1987). These axon

glial interactions are Iikely to be mediated by adhesion molecules. For example,

N-CAM (Silver and Rutishauser, 1984), lanlinin (Cohen et al., 1987) and LI (Bartsch

et al., 1989) are present in the devetoping visual system in rodents. Direct evidence

that adhesion molecules can mediate neurite growth on astrocytes have been obtained

from in vitro studies (Noble et al., 1984; Fallon, 1985a,b; David, 1988; Neugebauer

et al., 1988; Tomaselti et al., 1988). Antibody perturbation experiments in vitro have

demonstrated Ulat N-CAM, N-cadherin, and integrins of ilie {3, subclass contribute to

axon groWUl along glia (Reichardt et al., 1989). Il is interesting to note Umt unlike a

common mechanism for glial-guided neuronal migration which was proposed by Hatten

(1990), Ule growUl of axons in different regions of the nervous system appears to be

regulated by different mechanisms (Denis-Donini et al., 1984). A likely explanation

for Ulis may be ilie spatiotemporal expression of specific adhesion molecules during

CNS development.

1.5 Adhesion molecules on astrocytes

Considerable progress has been made in the identification and characterization of eell

surface molecules iliat mediate adhesion of celt-cell and celt-matrix interactions during

development. Adhesion molecules on astrocytes include boili celt surface molecules

and molecules of the ECM Umt constitule mainty Ule non-collagenous type
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glycoproteins (e.g. laminin and fîbronectin). In particular, in recent years a larg.c

number of the cell surface adhesion molcclilcs have been identilïed in the nervolls

system and are generally grouped into lIuee distinct g.ene fami\ies. These arc: (i) the

immunoglobuIin superfamily, (ii) the cadherin fami\y, and (iii) the integrin fmnily.

Many of the moleeules that belong to lIle lirsttwo families of cell adhesion moleeulcs

are known to mediate cell-cell interactions, while the majority of integrins bind to

various ECM molecules and mediate cell-matrix interactions in the nervolls system.

Accordingly, adhesion molecules have also been commonly classilied as eell adhesion

moleeules (CAMs) that mediate the adhesion of cells to one anolller, or subslratum

adhesion molecules (SAMs) that mediate the a<!hesion of cells to the ECM. However,

many CAMs that are associated with lIle cell surface via a phosphatidylinositollinkage

may participate in cell-matrix adhesion and thus the distinction betwecn the two

categories of adhesion molecules is not always sharp. For example, although N-CAM

is generally considered to be a cell adhesion moleeule, some forms of N-CAM are

secreted and deposited in lIle ECM in vivo, and can function as a matrix adhesion

molecule through binding to cell surface N-CAM and heparan sulfate proteoglycan

(Cole et al., 1985; Cole and Glaser, 1986). This would suggest that lIle cellular events

mediated by CAMs and SAMs may not be fundamentally differenl. In fact, several

adhesion molecules that belong to the eell surface and to the ECM are known to play

similar key roles in neural developmenl. Below, 1 Iïrst describe lIle three families of

cell adhesion molecules which are based on their structural similarities, followed by a

brief description on lIle composition and structure of the ECM.

The immunoglobulin supeifomily. Members of this family of CAMs ail have one

or more structural motifs which are similar to those fîrst identifîed in immunoglobulin
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(Ig) Illolcculcs, and arc called Ig domains. Many melllbcrs of this family also comain

two or more dOlllains similar to those Iïrst round in the ECM Illolecule, Iïbronectin.

These dOl11ains are called tibronectin type III (FN type III) repeats. Each of the Ig

dOl11ains and the FN type III repeats are approximately 100 al11ino-acids long, the

former forl11ing a disultide-bonded loop. Furtherl110re, the FN type III repeats are less

conserved than the Ig dOl11ains which have been found in a variety of molecules

involved in adhesive functions (Salzer and Colman, 1989; Grumet, 1991). The neural

CAM, N-CAM, was Ule tirst adhesion molecule found to contain Ig domains

(Cunningham et al., 1987). Other adhesion molcculcs possessing Ig dOl11ains include

L1/NILE, Ng-CAM/8D9, NI'-CAM, Contaclin/FII/F3, TAG-I/axonin-I, MAG, Pu,

DM-GRASP/SC-I, neuroglian, fasciclin Il and fasciclin 1II (reviewed by RaUljen,

1991). Adhesion molecules Ulat belong to this superfamily generally mediate CaH


independent cell-cell adhesion of either a homophilic or heterophilic nature (Williams

and Barclay, 1988). The signal transduction mechanisl11s in neurite oUtgroWUl are only

now beginning to be understood (Doherty and Walsh, (992). Much of Ule information

has been generated for N-CAM- and L1-mediated neurite oUtgroWU1. These studies

have suggested a common but specific second messenger pathway involving a number

of signaling events, that include increased protein tyrosine phosphorylation, pertussis

toxin sensitive G protein activation, and stimulation of CaH fluxes into the groWUl cone

via L- and N-type CaH channels (Doherty and Walsh, 1992; Williams et al., 1992).

The cadlzerill family. Cadherins are CaH -dependent CAMs consisting of four

structurally repeated extracellular domains, a CaH binding site, and a highly conserved

cytoplasmic region that shows 63-89% amino-acid homology between different

members of the cadherin family (Magee and Buxlon, 1991; Takeichi, 1991; Grunwald,
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1993). Also located in the extracellular domain close 10 thc transmcmhrane regioll are

four conserved cysteine residues (Magee ami Buxton, 1991; Takeiehi, 1991).

Furthermore, the homophilic-binding sile lhrough which cadherins il1lCracl wilh each

other has been localized to the amino-lerminal eXlracellular domain which contains the

HAV (I-1is-A1a-Val) ccII adhesion recognition selluencc (Blaschuk ct al., 1990; Nose

Cl al., 1990). An exception to this structural scheme is the truueatcd formof eadherin

or T-cadherin that lacks the transmembrallc ami cyloplasmic domains. Illstcad,

T-cadherin is anchored to the plasma membranc hy means of a phosphatidylinositol

linkage (Ranscht and Dours-Zimmermann, 1991 J. Cadherins generally mediatc ccll

cell adhesion by homophilic interaction, allhough helerophilic billding between different

cadherin molecules has been shown (Inuzuka ct al., 1991). Three types of cadherins

were originally eharacterized in non-neural (E- and P-cadherin) and neural lissues

(N-cadherin). Recently, besides T-cadherin, two other cadherins (B- and R-cadherin)

have been identified in the nervous system (Inuzuka et al., 1991; Napolitano ct al.,

1991). ln addition, eight novel cadherin-encoding cDNA fragments were isolated from

brain which have been designated as cadherins 4-11 (Suzuki et al., 1991). A rclated

overall structure to eadherins is found in desmoglein and desmocollins which are also

members of the cadherin family of CAMs (Goodwin ct al., 1990; Holton et al., 1990;

Koch et al., 1990; Wheeler et al., 1991). Excepl for these desmosomal glycoproteins

which are associated witll intermediate tïlamcnls, cadherins associate with actin

filaments and cytoplasmic proteins termed catenills (Ozawa et al., 1990; Geiger and

Ayalon, 1992). There are at least three major classes of catenin proteins (01, (J and T)

and these were shown to interact with both E- and N-cadherin (Knudsen and Wheelock,

1992; Ozawa and Kemler, 1992).
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The illlegrùl failli/y. Integrins are ail non-covalently linked heterodimers with

distinct 0/ and {3 subunits UJat function not only as ECM receptors but can also mediate

œll·ccll adhcsiun by binding tu ccli surl;lcc \1Iulccules 'JI' thc Ig supcrfamily, namcly

ICAM-l, ICAM-2 and VCAM-I (Hynes and Lander, 1992). So far, 140/ and 8 {3

subunils have been reported, most of which have been c10ned and sequenced (Hynes,

1992; Sastry and Horwitz, 1993). The extracellular termini with globular domains of

0/ and {3 subunits associate to form functional O/{3 helerodimers. This domain binds the

RGD (Arg-Gly-Asp) sequence present in a variely of ECM molecules, such as

Iïbronectin and vitronectin, and requires divalenl cations for function (D'Souza et al.,

1988; Gailit and Ruoslallti, 1988; Ignatius and Reichardt, 1988; Hautanen et al., 1989;

Smith and Cheresh, 1990). AIUlOUgh the RGD sequence is the first and perhaps the

most common integrin recognition site in the ECM 1igands (Ruoslallli and

Picrschbacher, 1987), other binding siles havc also becn reported (reviewed by I-[ynes,

1992). The ligand specificity of integrins is determined by both subunits or even the

ccII-type in which it is expressed (Elices and Hemler, 1989). For exanlple, O/v{3,

integrins bind vilronectin in kidney cells (Bodary and McLean, 1990) but appears to

function exclusively as fibroneclin receplors in neuronal cells (Vogel et al., 1990).

Tlms, some integrins have multi-Iigand binding capabilities depending on the ccII-type.

The determinants responsible for this cell specifie regulation of integrins are unclear,

but may involve posttranslational modifications (Reichardt and Tomaselli, 1991; Hynes

and Lander, 1992). BoUl 0/ and {3 subunits can have alternatively spliced cytoplasmic

domains (Brown et al., 1989; Van Kuppevelt et al., [989). These cytoplasmic domains

are believed to interact with cytoskeletal proteins, such as talin, vinculin, (l(-actinin and

actin, to form cell-substratum or cell-cell contacts (Singer, 1982; Horwitz et al., [986;



•

•

Burridge et al., 1988; Hemler, 1990; Otey et al.. 1990). An exception is the 13.

cytoplasmic domain which colocalizes with Ill:lllidesmosollles. sllggesling a direct

linkage to an intermediate filament associaIcd molecule rather than the actin

cyLoskeleton (Stepp et al., 1990; Suzuki and Nailoh, 1990; Sonnenberg cL al.. 1991).

The extracellu/ar matrLt mo/ecu/es. Molecules of Lhe ECM found in Lhe basal

lamina are eommonly c1assified in three major ralllilies which inc1ude collagens, non

eollagenous glycoproteins, and proteoglyeans (revicwed by Carbonetto, 1984; Rutka

et al., 1988; ReichardL and Tomaselli, 1991). In lhe CNS, basal laminae arc found

beneath ependymal and meningeallinings, in the inner limiLing membranc of the retina,

as weil as surrounding blood vessels (Carbonetto. 1984). The ECM is now defined

more broadly to inc1ude seereLed molecules round outside eells, cven though they lack

a morphologically organized basal lamina. Scveral ECM eonstitucnts originally

identified in non-neural tissues have been round in Lhe CNS. In particular, increased

attention has been given to glial-derived ECM molccules and their role in hisLogcncsis

(Lander, 1989; Sanes, 1989; Reichardtand Tomaselli, 1991). For instance, embryonic

CNS contains laminin (Liesi, 1985), fibronecLin (StewarL and Pearlman, 1987),

lhrombospondin (O'Shea and Dixit, J988; O'Shea et al., 1990) and tenascin/cyLoLactin

(Crossin et al., 1986; SLeindler et al., 1989), mosL of which are associaLed wiLh

astrocytes (Reichardt et al., 1989). On the olher hand, the ECM of the adult CNS has

a relatively large amount of proteog1ycan (Aquino et al., 1984; Herndon and Landcr,

1990) white the expression of glycoproLeins, such as laminin and fibroncctin, is

decreased (reviewed by Rutka et al., 1988). Recent work has further revcalcd the

exisLence of multiple isoforms of ECM glycoproLcins with functional domains Lhat

commonly include binding sites for cells, oLher ECM glycoproteins, and proteoglycans
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(reviewed by Reichardt and Tomaselli. 1991). Furlherl11ore, il has been possible to

localize specifie functions to specific structural domains. The most prominent of these

dOl11ains is the FN type III repeat found in tibronectin, tenascin, thrombospondin as

weil as several CAMs (reviewed by Carbonello and David, 1993). Sorne ECM

glycoproteins and proteoglycans have also been shown to bind diffusible growth factors

such as FGF (Yayon ct al., 1991) and TGF-(j (MeCaffrey ct al., 1989) as weil as

proteases (Silverslein et al., 1986). Growth factors in turn can modulate the biological

activities of the ECM. For instance, TGF-J3 has been reported to stimulate

l11esenchYl11al and epithelial cells to synthesize fibronectin and collagen, which are

subsequently incorporated into the ECM (Choy ct al., 1990; Kônig and Bruckner

Tuderman, 1992).

1.5.1 Molecules involved in neurite outgrowth. Several lines of evidence suggest

that neurons extend neurites by interacting with other neurites, with glia or ECM

molecules. Adhesion molecules involved in axon-axon mediated neurite outgrowth,

such as DM-GRASP (Burns et al., 1991), TAG-l/axonin-1 (Furley et al., 1990;

Stoeckli et al., 1991), F3/Fll (Gennarini et al., 1991), etc. will not be discussed in

this section. Instead, 1will focus solely on the adhesion molecu1es that contribute to

neurite growth along glia, name1y astrocytes. As already mentioned, neurite outgrowth

on astrocytes is largely promoted by N-CAM, N-eadherin, and the integrins which are

the cell surface receptors for several ECM glycoproteins. Among the ECM

glycoproteins expressed on astrocytes, bOUI laminin and Ulfombospondin are known to

stimulate axonal groWUI via integrins. Therefore, in this section 1 have linlited the

review to Ule following four adhesion molecules found on astrocytes: N-CAM,

N-cadllerin, laminin and Ulfombospondin. Since the literature on sorne of Ulese
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molecules is extensive, emphasis will be placed on their overall slructure and

distribution. Also, in order to avoid repelilion SOIllC of the general characlerislics of

these adhesion molecules will not be melllioned if already discussed within Ihe families

of CAMs in the previous section.

Neural cell adhesioll II/olecule. N-CAM is cOlllposed of rive Ig dOlllains and Iwo

FN type III repeats (Cunningham el al., 1987). The single N-CAM gene, which

consists of atleast 19 exons (Owens et al., 1987), is alternatively splieed 10 give three

major polypeptide isoforms ("" IlS, 135 and 190 kd) that differ in the lenglhs of their

carboxy-terminal (Owens et al., 1987). The smallesl isoform lacks the transmembrane

domain, and is anchored to the membrane by phosphatidylinositol (He et al., 1986;

Sadoul et al., 1986). Additional exons have later been discovered at two locations 10

generate multiple forms of similar molecular weight (MW) N-CAM polypeplides.

These exhibit both tissue and developmental speciricity, and include: (i) the variable

domain alternatively spliced 30 base pair exon named VASE which is localized in Ihe

fourth Ig domain encoded by exons 7 and 8 (Owens et al., 1987; Small and Akeson,

1990), and (ii) four alternatively spliced exons of 3-48 base pair collectively called

MSD 1 which are localized near the transmembrane domain in lIle region of Ihe FN

type III repeats between exons 12 and 13 (reviewed by Walsh and Dickson, 1989).

MSDI containing N-CAM forms are predominantly expressed by myotubes (Dickson

et al., 1987), and do not seem to affect function (Doherty et al., 1990b). In addition,

alternative splicing between exons 12-13 also gives rise to a secreted form of N-CAM

found in both muscle and brain (Gower et al., 1988). A1though little is known about

its function, secreted N-CAM could act as either a positive or negative effector of ccli

adhesion events by mediating eell-matrix interactions. For instance, N-CAM has been
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shown to bind heparin (Cole and Akeson, 1989) and cOllagens (Probstmeier et al.,

1992). The expression of VASE, on the olller hal\(l , inereases during brain

development (Small and Akeson, 1990) anù has been shown to significantly alter

N-CAM function by down-regulating the neurite outgrowth-promoting activity of

N-CAM (Doherty et al., 1992b; Liu et al., 1993). Thus, immature and developing

cells of the CNS preferentially express N-CAM lacking VASE. Interesting1y, VASE

is also not expressed in the adult olfactory epithelium, which undergoes continuai

cellular and axonal growth throughout life (Small and Akenson, 1990).

During rodent brain development, the amount and the polypeptide pattern of

N-CAM at the cell surface changes. N-CAM appears early in embryogenesis (Crossin

et al., 1985). Its levels relative to total protein increase l'rom late embryonic to early

postnatal ages, followed by a decrease in the adult (Chuong and Edelman, 1984;

Linnemann and Bock, 1986). Similar changes in N-CAM concentration are observed

in mono1ayer cultures of rat cerebral and hippocampal cells during in vitro deve10pment

(Bock et al., 1980; Krivko et ai., 1993; Smith et al., 1993). N-CAM is expressed

differentially by ail major ccII-types in the CNS. For instance, neurons are known to

express mainly the 135 and 190 kd isoforms (Nybroe et al., 1989), astrocytes express

mainly the 115 and 135 N-CAM isoforms (Noble et al., 1985), while oligodendrocytes

express the 115 isoform (Bhat and Silberberg, 1986). l'hus, the largest isoform of

N-CAM is restricted to neurons in the CNS, and there is indication that its long

cytoplasmic domain is associated with the cytoskeletal protein, spectrin (Pollerberg et

al., (987). Furthermore, this isoform is relatively poor at stimulating neurite

outgrowth, and can be converted to the 135 kd isoform of N-CAM WiUl a smaller

cytoplasmic domain by intracellular protease activity (Doherty et ai., 1992c). The
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three brain N-CAM isoforms can be furlhcr moditïed posttranslationally by

phosphorylation, sulphation and glycosylation (reviewed by Nybroe et al., 1988). In

particular, changes in the polysialic acid (l'SA) content of N-CAM appears to infiucnce

the adhesive function of N-CAM as weil as other adhcsion molecules, such as hUllinin

and LI (Doherty et al., 1990a; Acheson et al., 1991; Zhang et al., 1992). Spccitïc

enzymatic removal of l'SA was shown to increasc adhesion (1-loffman and Edclman,

1983; Rutishauser et al., 1988; Acheson et al., 1991). In contrast, its rcmoval from

N-CAM expressed on embryonic chick retinal ceUs inhibited N-CAM-depcndcnt ncurite

outgrowth (Doherty et al., 1990a). This clTcct was partially rcvcrscd by anti-LI

antibodies (Zhang et al., 1992). It was suggestcd that l'SA on neuronal N-CAM may

favour neurite outgrowUl by inhibiting stable c1ustering of CAMs (Doherly and Walsh,

1992). AnoUler feature of N-CAM glycosy1ation is the presence of the carbohydratc

epitope L2IHNK-I, which is found on 15-20% of the two larger isoforms of N-CAM

(Kruse et al., 1984). Adhesion assays using antibodies have demonstrated Umt N-CAM

in brain is involved in neuron-neuron, neuron-astrocyte, astrocyte-astrocytc and

oligodendrocyte-oligodendrocyte adhesion (Keilhauer et al., 1985; Bhat and Silberberg,

1988).

N-cadherin. N-cadherin is an integral membrane glycoprotein with an apparent

MW of 130 kd. N-cadherin, like other classical cadherins, is encoded by a single

gene. Il consists of eight potential glycosylation sites (Hatla et al., 1988). However.

it is not known wheUler ail or sorne of Ulese glycosylation sites are glycosylated.

N-cadherin was originally identified in embryonic chick neural retina (Grunwald et al.,

1982). During early formation of Ule nervous system, Ule observed distribution of

N-cadherin is very sinlilar to Umt of N-CAM (Rutishauser, 1986; Takeichi, 1987).
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N-cadherin later becomes reslricted in its distribution. N-cadherin shows 74% amino

acid sequence homology with R-cadherin which was identified in chicken retina

(Inuzuka et al., 1991). Weak heterophilic interactions between N- and R-cadherin have

been suggested (Inuzuka et al., 1991; Redies and Takeichi, 1993). Studies of

N-cadherin expression revealed that during devclopment of the retina and brain,

expression of N-cadherin is significantly down-regulated (Matsunaga et al., 1988;

Lagunowich and Grunwald, 1989; Lagunowich et al., 1992) and may be mediated by

multiple mechanisms (Roark et al., 1992). The down-regulation of N-cadherin in the

retina, for instance, was shown to be due in part to an endogenous metalloproteolytie

activity at Ule cell surface to release NCAD90, a soluble 90 kd amino-terminal

fragment of N-cadherin corresponding to the exlracellular domain (Roark et al., 1992).

FurUlermore, Ule apparent conversion of Ule 130 kd to the 90 kd form of N-cadherin

was inhibited by Ule metalloprotease inhibitor l,lO-phenanU1roline (Roark et al., 1992).

These studies led to Ule conclusion Ulat Ule 90 kd soluble form of N-eadherin was not

generated de novo (Roark et al., 1992). This is in contrast to Ule soluble form of

N-CAM Ulat is generated de novo by differential gene splicing (Gower et al., 1988).

FurUler studies have indicated that the purified NCAD90 retains biological activity and

promotes retinal neuron adhesion and neurite outgrowUI in a fashion sÎl11i1ar to intact

N-cadherin as shown previously (Bixby and Zhang, 1990; Paradies and Grunwald,

1993). These results suggest Ulat the cytoplasmic domain may not be necessary for ail

cadherin functions. The adhesive interactions mediated by T-cadherin that also lacks

a cytoplasmic domain (Ranscht and Dours-Zimmermann, 1991), further ÎI11plicates a

function for cadherins in Ule absence of direct cytoskeletal associations. In addition,

recent evidence suggests that cadherins may regulate cell function U1rough second
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messenger systems that may be activated by other factors (Doherty et al., 1992a,d).

For instance, exogenously added ganglioside GM 1 \Vas found to cnhancc N-eadherin

stimulated neurite outgrowlh from PC 12 cells (Doherty et al., 1992a).

Lamillill. Laminin \Vas inilially isolaled and charactcrized from the mouse EliS

tumor (Timpl et al., 1979). It is a cross-shapelJ hctcrotrimer made up of tluee

disulfide-linked polypeptide chains designaled as 1\ (400 kd), Il 1 (225 kd) ami 112

(205 kd). The A chain has tllree globular domains at tlle amino-lerminal cadI

separated by cysteine-rich EGF-like repeats, while the Il chains contain two of eaeh

structure. In addition, wllike the B chains, the 1\ chain has a large globular domain

at the earboxyl end (Sasaki and Yamada, 1987; Sasaki et al., 1988). Laminin is the

major ECM glycoprotein of tlle basement membranes. Otller common componcnts of

basement membrane indude collagen type IV, hcparan sulfate protcoglycan and

entactinlnidogen, aIl of which interact with laminin (Mercurio, 1990). Several

biologically active sites have been localized to the laminin molecule using proteolylic

fragments, antibodies and syntlletic peptides. For example, active sites for cell

adhesion and neurite outgrowth have been localized to a fragment at tlle carboxyl end

of tlle molecule (Edgar et al., 1984; Engvall et al., 1986). Other active sites on

laminin for cell adhesion have also been identified (Yamada and K1einman, 1992).

Cell surface receptors that mediate cell adhesion or nturite outgrowth by binding

laminin include, a high-affmity 67 kd receptor, gangliosides, sulfatides, a family of

galactoside-binding lectins, and several integrins (Mecham, 1991). I\t least eight

different integrins have been reported ta bind EHS laminin, in particular tlle (J, subclass

of integrins (Tryggvason, 1993). Laminin can be found distributed diffusely witllin tlle

brain at early stages of development, and then decreases at later stages (Liesi, 198:5;
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Letourneau et al., 1988). In vitro studies support the involvement of laminin in cell

survival, proliferation and differentiation. Il is a potent inducer of neurite outgrowUI

from both CNS and PNS neurons, and Ulis activily depends on Uleir deve10pmental age

(Cohen et al., 1986; Hall et al., 1987; Tomaselli and Reichardt, 1989). FurUlermore,

laminin can mimic Ule effects of EGF and NGF (Edgar et al., 1984; Panayotou et al.,

1989). Thus, laminin is a multifunctional moleculc with sites that bind to other ECM

molecules as weil as to cells.

During the past few years, howevcr, il has become c1ear Ulat the protein

structure of Ule EHS tumor laminin is not rel1ective of lanlinin found in ail tissues.

Specifically, Ule A chain of laminin is altered or missing during embryonic

development (Klein et al., 1988) and in many cultured cells, including astrocytes

(Kleinman et al., 1987; Liesi and Risteli, 1989). The identification of several novel

chains that share structural similarities, has so far demonstrated the existence of at least

live additional lanlinin isoforms, including S-Iaminin and merosin which are

homologues of the BI and A chains, respectively (Tryggvason, 1993). The functional

role and the factors that affect laminin isoforms are ooly now beginning to emerge.

TJzrombospondill. Thrombospondin (TSP) is a 450 kd trinleric glycoprotein of

identical subunits. The subunits contain four different structural domains and are

connected near the amino-terminus by disulfide linkages (Frazier, 1987). TSP was flfst

found to be secreted by activated platelets (Lawler et al., 1978) and later by various

cells in culture, including astrocytes (Asch et al., 1986). Like laminin, TSP is a

multifunctional protein with Ule ability to interact with cell surfaces, Ca2+, many matrix

molecules including heparan sulfate proteoglycans, libronectil1, laminin, and collagen

types 1and V, and plasma proteins such as fibrinogen and plasminogen (reviewed by
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Lawler, 1986). The nature of Ule interaction of l'SI' WiUI cells are complcx and

controversial. TSP has been reported to serve both adhesive and allli-adhesive

functions (Chiquet-Ehrismann, 1991). Of particular illlerest is Ule linding that l'SI' can

promote adhesion and neurite outgroWUI l'rom several types of neurons mediated Iikely

by inlegrins (Tuszynski et al., 1987; Neugebauer ct al., 1991; O'Shea et al.. 1991).

This finding complements recent data indicating thc presence of l'SI' in the devcloping

mouse nervous system (O'Shea and Dixit, 1988; O'Shea et al., 1990). Il is now

known, however, that at 1east four structurally and genetically distinct l'SI' isoforms

exist in mammals, and may subserve different functions (reviewed by Bornstein, 1992;

Lawler et al., 1993).

Another molecule expressed on astrocytes, which has bOUI adhesive and anti

adhesive functions, is Ule ECM glycoprotein tenascin (will be reviewed in section

1.5.2). Although tenascin has been reported to be a non-permissive substrate for CNS

neurons (Faissner and Kruse, 1990; Crossin et al., 1990), studies have shown lhal il

will promote neurite outgrowUl if neurons are cultured on subslrates Ulat allow lhem

to adhere (Wehrle and Chiquet, 1990). Furlhcrmore, two distinct siles wiUlin lhe

tenascin molecule were found to be responsible for the cell-binding and neurite

outgrowth-promoting activity from neurons (Lochter et al., 199\). Whether lenascin

mediates neurite outgrowth on monolayers of aslrocyles, which are excellent substratcs

for cell adhesion, has not been established.

1.5.2 Molecules involved in neuronal migration. Functional assays in which

antibodi.ls were used to block neuron-glial interactions in vitro have been frequently

used to derme some of the ligands which bind migrating neurons to astroglial cells.

Four molecules, namely astrotactin. AMOG, astrochondrin and tenascinlcytotactin that
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were identified wilh lhis approach, are reviewed below. Anlibodies againsl lhese

molecules were shown 10 inhibil granule ccllmigration along cerebellar Bergmann glial

libers.

Astrotactill. Aslrolaclin is a glycoprolein expressed on cerebellar granule cells,

and has an apparenl MW of 100 kd (Edmondson el al., 1988). Fab fragmenls of

aslrolaclin anlibodies bloeked granule cell membrane binding 10 glia, bul had no effecl

on neuron-neuron adhesion (Slill and Hatten, 1990). Furtllermore, aSlrotactin was

shown 10 funclion in helerolypic neuron-glial binding via a CaH -independenl

mechanism (Slill and Hallen, 1990). ln vivo sludies indicaled that tlle expression of

aSlrotactin is developmenlally regulated in lhe mouse cerebellum. By Western blot

analysis, low levels of astrotactin were seen in late embryonic period just prior to

granule cell migration, as weil as in lhe adult (Stitt et al., 1991). Astrotactin

expression was increased 10 high levels in carly poslnalal cerebellum during which

active neuronal migration occurs. Immunocytochemical studies also indicated

astrotaclin immunolabeling to be most intense in migrating neurons. Thus, tlle timing

of astrotactin expression overlaps wiUt the period of granule cell migration along Ute

Bergmann glial fibers (Stitt et al., 1991). By video microscopy, in dissociated

cerebellar cultures astrotactin Fab fragmenls blocked migration along Bergmann glia,

while in a sÎl11i1ar assay antibodies agalr.st N-CAM, LI, integrin {31 and TAG-l had no

effect on migration (Fishell and Hatten, 1991). The receptor for astrotactin on

Bergmann glia is not known. FurUtermore, ils relationship to oUter known cclI

adhesion molecules awaits microsequence data and molecular characterization.

Adhesion molecule on glia. AMOG is an astrocyte cell surface glycoprotein of

MW 45-50 kd tltat is involved in CaH -independent neuron to astrocyte, but not
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astrocyte to astrocyte adhesion (Alllonicek ct al., 1987). Inullunoallinity-purilicd

AMOG incorporated into lipid vesicles was shown III bind to subpopulatillns of ncurons

(Alllonicek and Schachner, 1988), thus demonslraling a dircct role of AMOG in

adhesion. AMOG expresses the L3 carbohydralc cpitope and is devclopmcntally

regulated (Antonicek et al., 1987). AMOG is cxprcsscd by glial cclls during pcrillds

of granule cell migration, which was significantly inhibited by monoclonal AMOG

antibodies (Antonicek et al., 1987). The cDNA scqucnce predicls AMOG to bc a

membrane glycoprotein anchored by a transmembrane segment and a small cytoplasmic

tail (Gloor et al., 1990). I-Iowever, il bcars no similarity to eilher of thc known

fanlilies of CAMs. Mouse AMOG showed 40% aminll-acid idelllily wilh the {3 subunit

of rat brain Na,K-ATPase (Gloor et al., 1990). Il was speculated that binding of

AMOG on glial cells to its receptor on neurons may modulate Na,K-ATPase activity

directly or indirectly. Thus, AMOG-mediated neuron-glial adhesion couId be a new

form of cell interaction in which cell recognition is l'ollowed by signal transduction,

possibly mediated by ion channels (Gloor et al., 1990).

Astrochondrin. Astrochondrin is a recently characterized chondroitin sulfate

proteoglycan of "" 500 kd containing tluee core protein moieties (260, 360 and 380

kd) tllat show considerable sinlilarities in tlleir proteolytic peptides (Streit et al., 1993),

and tllerefore are structurally related to each oUler. Il is not known, however, whether

tlle tluee components are generated by postlranslational modifications or wheUler they

are transcribed from different mRNAs. Additionally, this proteoglycan is expressed

by astrocytes in vitro, but not by any oUler neural cell-type in Ule murine CNS (Streit

et al., 1990), hence tlle name astrochondrin (Streit et al., 1993). Astrochondrin

expresses tlle L2/HNK-l and L5 carbohydratc epitopes (Streit et al., 1990) and is
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dcvclopmemally regulated (Streit et al., 1993). By Western blot analysis, expression

of astrochondrin was highest at the timc of cerebellar granule ccli migration and

decreascd to low Icvels in the adult. Alllibody perturbation cxperiments indicated that

astrochondrin might be involved in granule ccli migration. Process formation of

mature astrocytes on laminin and collagen type IV, but not tibronectin was also

inllucnced by antibodies to astrochondrin in vitro (Strcit et al., 1993), suggesting thm

astrochondrin is a ligand for laminin and collagcn type IV, but not for tibronectin.

This is consistent with the localization of aSI.ruchondrin in the basal lamina of

meningeal and endothelial cells (Streit et al., 1993). Furthermore, the interactions of

basallanlina ECM WiUl astrochondrin were enhanced in the presence of Ca2+ and may

be dependem on Ule L5 carbohydrate epitope (Streit et al., 1993).

Tenascin/cytotactin. Tenascin is an ECM glycoprotein tirst detected in Ule

myotemHn:lUs junction (Chiquet and Fambrough, 1984). lt was later found to be

expressed by a variety of tissues including smooUl muscle, IWlg, kidney, and brain

(Grumet et al., 1985). Tenascin in Ule brain carries Ule L2/HNK-I carbohydrate

epitope. However, Ulis epitope is absent l'rom the non-neural form (Grumet et al.,

1985; Hoffman et al., 1988). A nwnber of struci;;~~!!y related isoforrns of tenascin

generated by differential splicing have been round WiUl MW between 190 and 240 kd

(Spring et al., 1989; Jones et al., 1989; Weiler et al., 1991). Tenascin glycoproteins

contain a cysteine-rich amino-terminal domain rollowed by furee domains homologous

to EGF, FN type III repeat (which contains Ule RGD peptide sequence), and {3 and T

chains of tibrinogen (Jones et al., 1988; Pearson et al., 1988; Gulcher et al., 1989).

By electron microscopy, tenascin appears as a six-armed structure Ulat is assembled by

disultide bridges at Ule amino-terminal end, and hence is also referred to as
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'Iexabrachion (Erickson and Inglesias, 1984). In lhe nervous syslem, immunoreal'livily

for lenascin lirsl appears belween lhe neuroel'loderm and lhe notol'hord (Cross in cl al.,

1986; Mackie el al., 1988). Furthermore, in vivo and in vitro exrl'rimclIls wilh

amphibian embryos showed lhal lenascin is produccd by lhe ncuroccloderm ilscll' in

response 10 neural induclion (Riou el al., 1988). In lhe developing CNS, lcnascin

exhibits site-restricted expression (Crossin el al., 1986). Il is lransienlly cxpressed by

immature astrocytes in the somalosensory barrels in the mouse cortex (Crossin cl al.,

1989; Steindler et al., 1989). Tenascin is also associaled with radial glial l'ells as lhey

guide the migration of neuronal precursor cells (CllUong et al., 1987). The functional

roles of tenascin have been assayed in culture using neural (e.g. neural crest celIs,

neurons and astrocytes) and non-neural (e.g. fil>roblasts) cell-types, with evidence for

both inhibition and promotion of migration and neurite outgrowth. For inslance,

perturbation experiments with polyclonal antibodies have suggested that tenascin is

involved in neuron-glia1 binding (Grumet et al.. 1985) and mediates granule cclI

migration along Bergmann glial libers (Chuong et al., 1987). Tenascin has also been

implicated in neural crest cclI migration (Tan el al., 1987; Bronner-Fraser, 1988;

Mackie et al., 1988). On the other hand, tenascin was found 10 be a repulsive

substrate for CNS neurons (Faissner and Kruse, 1990) or neurites (Crossin et al.,

1990), and inhibited the spreading of fibroblasts (Chiquet-Ehrismann et al., 1988».

Studies with fusion proteins have demonstrated that cell binding and inhibitory

properties of tenascin are located on two distinct domains ~;:;pring et al., 1989). Thus,

tenascin appears to have multiple fonctions that may be a consequence of its interaction

with different ligands. Although tenascin lias been shown to bind to fibronectin with

low affmity (Chiquet-Ehrismann et al., 1988), the other prominent ECM component
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with which it binds is chondroitin sulfate protcoglycan (Hoffman and Edelman, 1987;

Hoffman et al., 1988). Candidates for tenasdn receptors on the ccli surface have also

been identified and include syndecan, a cell surface proteoglycan (Vainio et al., 1989)

and integrins (Bourdon and Ruoslahti, 1989). The binding of the laller appears to be

mediated by an RGD-dependent mechanism (Bourdon and Ruoslahti, 1989).

Besides the four adhesion :nolecules described above, there is some indirect

evidence to support a role fJr laminin in neuronal migration. This evidence is based

on the fact that lanlinin is expressed along the radial Bergmann glial fibers during the

migratory phase of granule cells (Liesi, 1985; Liesi and Risteli, 1989). Moreover,

cerebellar granule cells were shown to migrate rapidly on glass fibers coated with

laminin, but less so on glass fibers coated with fibronectin and not at ail on collagen

(Fishman and Hatten, 1993). Antibody perturbation experiments suggested the

migration on this purified laminin substratum to be mediated by integrin (3, expressed

on neurons (Fishman and Hatten, 1993). Howcver, Hatten and her colleagues had

previously shown using video microscopy that anti-integrin (3, aniibodies had no effect

on neuronal migration along cerebellar astroglial processes (Fishell and Hatten, 1991).

Furthermore, these authors reported laminin labeling to be restricted to meninges and

blood vessels in the early postnatal cerebellar tissue, and argued that laminin may not

be the primary guidance system in vivo because of the low level of EHS laminin

expression on cerebellar glial fibers (Fishman and Hallen, 1993). Their fmdings,

however, do not rule out the possibility that other forms of 1aminin specifically

expressed in brain may function in neuronal migration along glial fibers. The

availability of additional antibodies directed against glial forms of laminin will allow

to tt>st more directly the role of laminin in glial-guided neuronal migration.
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1.6 Oriein and role of leptomellÏnees

The meninges covering the CNS of adult mammals consist of tluee layers: the dura

mater, the arachnoid mater, and the pia maler. The Iwo inner coverings, i.e. lhe

araclmoid and the pia, are together termed the leplOllleninges. The laller adheres

closely to the outer surface of the CNS, but is separated from it by a basal lamina. lly

electron microscopy, the cells of the pia are onen indistinguishable l'rom lhosc of the

arachnoid. In fact, both membranes are connectcd by numerous fine trabeculae

traversing the subarachnoid space (Peters et al., 1991).

The embryological origin of the meninges is tllought to be mesenchymal

(t.ngelov and Vasilev, 1989); however, the concept of a mesodermal origin of the

leptomeninges was debated for sorne time. In 1924, Harvey and Burr reported that

both the pia and the arachnoid are in large part derived l'rom certain eClodermal

elements of the neural crest. Their observations were based on transplantation

experiments on amphibian embryos in which portions of the CNS, Witll or wilhout

neural crest cells, were transplanted to other areas and observed for tlle development

of the meninges over the neural transplant. Leptomeninges formed in only those

embryos in which the neural crest cells had IJeen transplanted. The development of the

dura mater, on the other hand, was uneffected by Ihe presence or absence of tlle neural

crest (Harvey and Burr, 1924, 1926). Harvey and Burr concluded l'rom tllese

experirnents that the dura probably developed l'rom the mesenchyme, whereas the

leptomeninges developed from the cells of the neural crest. Their view, however,

received little support and was severely criticized by Louis Flexner (1929). Using

similar tranplantation experiments, Flexner CaIne to a totally different conclusion which

contradicted the findings of Harvey aIld Burr. Flexner regarded the meningcs as
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entirely of mesodermal origin.

The exact origin of the leptomeninges has not yet been fully established. The

current hypothesis is thatthese cells develop from the mesenchyme that may be derived

from both mesoderm and neuroectoderm, with variations observed between species and

with the level along the neuraxis (O'Rahilly and Müller, 1986). For instance, in birds,

contribution from neural crest has been postulatcd in the development of the forebrain

and midbrain leptomeninges, whereas those of the hindbrain and spinal cord have a

purely mesodermal origin (LeLièvre, 1976). This is in contrast to 1eptomeningeal cell

development in humans where cells of the neural crest take part in the formation of the

pia mater of the occipital part of the hindbrain, and perhaps of the spinal cord

(Sensenig, 1951; Gil and Rallo, 1973; O'Raililly and Müller, 1986). Recently, a

morphogenetic study of rat cranial meninges by 1ight and electron microscopy indicated

tllat ail three meningeal layers develop from an embryonic network of connective

tissue-forming cells (Angelov and Vasilev, 1989). These authors argued that some of

the very early studies have suggested a neuroectodermal origin of tlle 1eptomeninges

because the embryOlùc neuroectodermal and mesodermal cells are morphological1y

indistinguishable, and that tlleir u1trastructural data obtained from before E15

demonstrates tlle cOlll1ective tissue character of the prenatal rat leptomeningeal cells

(Angelov and Vasilev, 1989).

Leptomeningeal cells have a flat, polygonal fibrob1ast-like appearance and

syntllesize collagen (Peters et al., 1991). Bundles of collagen fibers are found in the

leptomeninges by e1ectron microscopic studies, tlle amount of which increases after

birth (Peters et al., 1991). Collagen libers are not found in the early stages of

leptomeningeal cell development (O'Raililly and Müller, 1986; Angelov and Vasilev,
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1989). Additionally, leptomeningeal cells and mcningiomas express variolls ECM

molecules in culture, including fibronectin, laminin. collagen typcs l, III allli IV, allli

tenascin (Rutka et al., 1986; NG and Wong, 1993; Ajelllian et al., 1994). Thcsc cclls

are also known to express the intermediate filamcnt prolein vimenlin (Kartenbcck et al.,

1984). On lhe other hand, various human Illcningiolllas in culturc have bccn fOlllll1 to

display epithelial features, such as well-formcd dcslllosomes (Kartenbcck ct al., 1984)

and epithelial membrane allligen (NG and Wong, 1993). This Illay explain thc

apparent dual (i.e. epithelial and mesenchymal) characteristics of meningiomas which

are believed to be derived l'rom the arachnoid (Scheithauer, 1990).

Leptomeningeal cells are known to have diverse functions. Their presence is

necessary for the normal development of the CNS (Sievers et al., 1986; Abnet et al.,

1991; Hartmann et al., 1992). ln vivo experiments which involved the destruction of

the meningeal cells by 6-hydroxydopanline (6-0I-lDA) over the cerebellum and medial

cerebral hemisphere of newborn hamsters showed severa1 morphogenetic defects of lhe

CNS tissue resulting in abberent foliation of the cerebellum and abnormalities in the

formation of the dentate gyrus, respectively (DocbcriLz et al., 1986; HarUnann cl al.,

1992). Furthermore, this influence of meningeal cells occurred over a short critical

ontogenetic period, after which the injection of 6-01-1 DA had no effect (Sievers et al.,

1986; Hartmann et al., 1992). Sievers and his colleagues (1986) have suggested that

the meningeal cells participate in CNS development both by stabilizing the ECM of the

pial surface, and by organizing the glial scaffold and the lamination of the underlying

cortex. There is also evidence to indicate that leptomeningeal cells or their extract can

regulate the proliferation of both neuronal stem cells and glial cells (Baraket et al.,

1981, 1982). In response to infection, trauma, or neoplastic inmtration,
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leptomeningeal cells are also responsible for the extensive proliferation and secretion

of baselllent membrane glycoproteins (Rutka et al., 1986; Russell and Rubinstein,

1989). Furthermore, the ECM glycoproteÎns prol!uceù by leptomeningeal cells in

culture were shown to inhibit the growth of glioma cells, and inùuce Uleir

ùifferentiation (Rutka et al., 1987). Whether leptomeningeal cells also inhibit

proliferation anù enhance differentiation of astrocytes in vivo after insults to Ule CNS

or during scar formation is not known. However, leptomeningeal cells are known to

participate in Ule formation of the new glia Iimitans (Berry et al., 1983; Reier et al.,

1989), and were shown to influence astrocytic gap junctional coupling in vitro (Anders

and Salopek, 1989). In addition, leptomeningeal cells are potential macrophages. The

f1atlened polygonal cells of the arachnoid are capable of transformation into rounded

cells, and engage in a phagocytic response to foreign antigen (Krisch et al., 1984).

Leptomeninges may also function in the normal state as an effective physiological

barrier, separating the cerebrospinal f1uid from the surrounding milieu (Krisch et al.,

1984).
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Chapter 2: Identification of a potentially lIovel cell adllesion molecule
involved in lIeurite olltgrolVtll 011 astrocytes

2.1 Introduction

Cellular interactions in the course of neural developnll:nt govern morphogenetic events,

including ccII migration and axonal growth. Such cvcnts are in part regulatcd by the

spatiotemporal expression of specific adhcsion molccliles. Several adhesion molcclilcs

have been identified in neural tissue, and incllldc both ccII surface moleclilcs and

molecules secreted into the ECM (reviewed by Rcichardt et al., 1989; Grumet, 1991;

Rathjen, 1991). TIlese adhesion molecules are mainly glycoproteins Utat mediate

binding among neural cells via homophilic and/or heterophilic interactions. Ccli

surface adhesion molecules are broadly classilied into at least three distinct gene

families based on their structural similarities: the Ig superfamily (Williams and Barclay,

1988; Hunkapiller and Hood, 1989), the cadherin family (Takeichi, 1990; Suzuki et

al., 1991), and the integrin family (Hynes, 1987, 1992).

ln vivo and in vitro evidence suggest that ncurons extend neurites by interacting

WiUl oUler neurites, with glia or ECM molecules. Different adhesion mcchanisllls

operate during neurite growth on these various substrates (Tomaselli et al., 1986;

Bixby and Jhabva1a, 1990). On a cellular substrate, neurite OUtgroWUl is likely to be

regulated by a combination of various CAMs and thcir neuronal receptors. In vitro

studies have shown that astrocytes (Noble et al., 1984; Fallon, 1985a,b; David, 1988;

Neugebauer et al., 1988; Tomaselli et al., 1988), unlike oligodendrocytes (Schwab and

Caroni, 1988), promote neurite outgrowUl from various types of neurons. Several

adhesion mechanisms have thus far been identifïed Ulat promote neurite growth on

astrocytes. These include N-cadherin, N-CAM, and integrin-mediated interactions
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(Tomaselli and Reichardt, 1989). The funclional importance of these interactions

dCJlends uJlon the type of ncurons and their devcloJllllenlal stage (Cohen et al., 1986;

Ncugebauer et al., 1988, 1991; Tomaselli et al., 1988).

ln order to identify oUler adhesion molecules on astrocytes that mediate ncuron

astrocyte interactions, Ule hybridoma technology was utilized to generate function

blocking monoclonal antibodies. Using this approach, a MAb lAI was generated

which recognizes a potentially novel cell surface Illolecule. ln Ulis chapter, 1describe

(i) Ule cell-type specificity of Ule lAI antigen, (ii) its biochemicaI characterization, and

(Hi) its involvement in adhesion and neurite outgrowth. ln subsequent chapters, 1will

describe studies on the role of this antigen in neuronal migration (Chapter 3) and its

expression and role in non-neural cells (Chapter 4).

2.2 Materials and Methods

Generation of the Monoclonal Antibody lAI

Rat cerebral cortical astrocytes purified in culture were removed from the

culture l1asks using 5 mM EDTA and injected intraperitoneally into BaIb/c mice

(3-4 x 106 cells/mouse). After two furUler inmlUnizations, animais were bled and the

serum tested for neurite outgrowth inhibitory activity. Spleen cells from mice whose

sera showed such inhibitory activity were then fused with mouse Sp2/0 myeloma cells

as described previously (Fazekas de ST. GroUl and Scheidegger, 1980). Hybridoma

supematants were screened by an indirect inmlUnol1uorescence assay for cell surface

reactivity to live astrocytes. Those showing positive irnrnunoreactivity were retested

in an in vitro assay (described later) for Uleir ability to block neurite outgroWUl on

astrocyte monolayers. One such positive weil was subcloned twice by limiting dilution
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to generate Ule MAb 1A1. Inununoglobulins were isolated from ascitcs tluid and Fab

fragments of purified IgG were prepared by papain digestion according 10

manufacturer's instructions (Pierce). The purity of whole IgG and Fab preparations

was tested on 10% SOS-PAGE under reducing conditions. Puritied IgG and their Fab

fragments were dialyzed extensively, lyophilized, diluted in delïned culture mcdium,

and sterile filtered through O.22-l-lm filters (Milliporc) prior to their use in functional

in vitro assays. The MAb lAI belongs to the IgG, subclass as determincd using a

mouse monoclonal typing kit (ICN).

Other Antibodies

Whole IgG and monovalent Fab fragments of MAbs J022, 6C6, Ran-2, and lAI werc

used to study Uleir effects on adhesion and neurite outgrowUl on astrocyte monolayers.

The first lliree antibodies purified from ascites tluid served as control antibodies.

JG22, which belongs to Ule same IgG, subclass as 1Al, recognizes an epitope on Ule

clùck integrin (3, subunit (Horwitz et al., 1984). It does not bind to rat tissues, and

was used to control for non-specific binding. The MAb 6C6 binds to the surface of

rat astrocytes (David and Crossfield-Kunze, 1985) but has no blocking effect on Ileurite

outgrowlli and neuron to astrocj';e adhesion (Chuah et al., 1991). The MAb Ran-2

binds to a cell surface antigen on astrocytes (Bartleu et al., 1981).

The following five rabbit polyclonal antibodies and two mouse MAbs werc used

for immunocytochemical identification of various neural cell-types: (i) polyclonal anti

GFAP antiserum (diluted 1:1000, obtained from Dr. M.C. Raff, UCL, UK) was used

to identify astrocytes; (ii) polyclonal antibody against fibronectin (FN, diluted 1: 100,

obtained from Dr. S. Carbonetto, McGili University) was used to identify

leptomeningeal cells and fibroblasts; (iii) a polyclonal antibody tu 2', 3'-cyclic
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nucleotide-3'-phosphodieslerase (CNP, diluted 1: 150, obtained l'rom Dr. P. Braun,

McGill University) was used to identify both immature and mature oligodendrocytes;

(iv) a polyclonal antibody to S-Ioo (diluted 1: 100) was used to identify Schwann cells;

(v) anli-neurotïlamelll (NF) polyclonal alllibody (diluted 1:75, obtained l'rom

Dr. W. Mushynski, McGill University) or (vi) a MAb (RT97) directed against a

phosphorylated cpitope of Ule 200 kd subunit of neurotïlaments (ascites diluted 1: 1000,

oblained l'rom Dr. J.N. Wood, Sandoz, UK) were lIsed to label neurons; and (vii) the

MAb A2B5 (ascites diluted 1: 1000) was usell 10 identify process-bearing type-2

astrocytcs (Raff el al., 1983a).

Western blot analysis of membrane exlracts and immunoprecipitated lAI

antigen was performed usiug (i) a rabbit polyclonal antibody generated agaiust a

cadherin synUtetic peptide (FHLRAHAVDINGNQV) containing Ule cell adhesion

recognition sequence HAV found in cadherins (diluted 1:200, obtaiued l'rom Dr. O.W.

Blaschuk, McGill University), and (ii) a mouse MAb directed against Ute HNK-I

carbohydrate epitope (diluted 1:200, obtained l'rom Dr. R.J. Dunn, McGill University).

Cell Cultures

(i) l'rill/ary cultures: Dissocialed cultures obtaincd l'rom different regions (cerebral and

cerebellar cortex, hippocampus, dorsal root ganglia, sciatic nerve, and meninges) of

Ute neonatal Sprague-Dawley rat nervous system were used for UlÎs study. Dissociation

was done as described previously (David, 1988). The tissue was cut iuto pieces and

incubated wiUt 0.125% trypsin (Sigma) for 20-30 minutes at 37°C. Collagenase

(0.1 %, Sigma) was added along wiUt trypsin (0.125 %) for dissociations of dorsal root

ganglia and sciatic nerve. Cells were dissociated in Ule presence of trypsin inhibitor

(0.05 mg/ml, Sigma) and DNAase (0.04 mg/ml, Sigma), collected by centrifugation,
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and plated onto poly-L-Iysine (PLL, Sigma) -cmllcd round glass covcrslips (13 nllll

diameter, Fisher Sciemitïc) at 1-2 x 10'1 cclls/cm'. An additional stcp of ccnlrililgalion

lhrough a Percoll dcnsity gradicnt was pcrformcd 10 obtain cnrichcd high dcnsity

(10 x 10' cells/covcrslip) cultures of cercbcllar gnmulc cells (Hatten, 1985), and platcd

omo laminin-coated glass coverslips. In addition, cxplants of newborn rallivcr, kidncy

and spleen, and dissociated cultures of lung, skcletal and cardiac muscle, and aorla

were plated onto laminin-coated glass coverslips. Dissociations of the lalter tissucs

were done in 0.125% trypsin and 0.125% collagenase for 90 minutcs al 37°C.

Cultures were grown in Dulbecco's modificd Eaglc's medium (DMEM) conlaining 1%

MEM-vitamins (Gibco), 1% penicillin/streplomycin (Gibco) and 10% l'etai bovine

serum (FBS, Gibco). Cultures were maintained in a moist atmosphere of 5% CO, al

37°C and used for immunocytoehemistry at various days in vitro. Skin l'rom 10 day

chick embryos was disseeted essemially as described above. The cells were cultured

in fiasks and used for inllllunoaffinity chromalography. For functional assays,

0.5-1 mM CaCl, was added during trypsinizalion. Cell viability was measured by

Trypan blue dye exclusion.

(ii) Secondary cultures: Astrocytes were purified using a modification of the

McCarthy and de Vellis (1980) method (Noble et al., 1984). Briefiy, dissociated

neonatal cerebral cortical cells were plated onto PLL-coated 75 cm' tissue culture fiasks

(Gibco). After 9-10 days, fiasks were shaken overnight to remove the top cells.

Altaehed cells were trypsinized and replated at one-third the original density and treated

with 0.01 mM cytosine arabinoside (Sigma) for 7 days. These purified astroeytes

(95-98 %) were used as the immunogen to generate the MAbs as weil as for

biochemical analysis. Monolayer cultures of astrocytes plated onlO PLL-eoated glass
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ct\Verslips were usetl for functional assays.

Type-2 astrocyles were purifietl by shaking primary cultures of the cerebral

cortex as tlcseribetl above. The tlclaclletl cells wcre centrifuged and replated at a

densitï of 10 x 10'1 cells per coverslip. These cultures were enriched in

A2B5+IGFAP+ process-bearing type-2 astrocytes.

'1'0 purify oligodendrocytes (McCarthy antl tic Vellis, 1980), primary dissociated

ccrcbral corlical cells were grown in 5% FBS instead of 10% FBS. The culture

mcdium was changed to 1% FBS on the firth day and allowed to grow to confluency.

Arter ten days, flasks were shaken at 37°C for 16 hours in the presence of 5 mM

L-Ieucinc methyl estcr IICI (ICN). Floaling cells were rcmovctl, ecntrifugcd, and

rcsuspcndcd in 10% FBS cOlllaining metlia. About lU x 10' cells were plated onto

PLL-coated coverslips.

Immunofluorcsccllcc Stailling

Double Indirect immunol1uorescence was carried out using cultures growlI on

coverslips. Ali incubations with antibodies were carried out for 30 minutes at room

temperature. Cell surface labeling was examined by incubation of live cultures with

1A1 hybridoma supernatant or MAb A2B5. This was followed by incubating cultures

with a rhodanlille-conjugated goat anti-mouse IgG (G Ci MIgG-Rh; Cappel, 1:250).

Cultures were then fixed and permeabilized with 5% acetic acid in ethanol for

20 minutes at -20°C. Double-Iabeling was perlimncd to distinguish the various cell

types. Cultures were incubated with cell-type specific rabbit polyclona1 antibodies, the

billding of which was visua1ized by a l1uorescein iSoUliocyanate-coupled secondary goat

ami-rabbit IgG (Cappel, 1:400). Coverslips were l110unted in bicarbonate buffered

glycerol (pH 9.0) contaillillg phenylenediaminc (Sigma) and viewed with a Leilz
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ortholux fluorescence microscope equipped with N, (rhodamine), L, (tluoresccin) ami

D (Nuclear yellow) filters. No staining was observcd in control cultures incnhatcd

with 1: 100 rabbi! non-immune serum or Sp2/0 ascitcs tluid (diluted 1: IllOOl. Ali

antibody dilutions were made in minimal Eagle's medium with 0.02 M IIEPES ImiTer

(MEM-H) eontaining 1% normal goat serum (NGS).

Biosynthctic Labcling of I)rotcins

Labeling with [3SS]methionine was earried out using modifications of previously

described protocols (Faissner et al., 1985). Monolayer cultures of astrocytes or rat C6

glioma cells were washed twice WiUl 10 ml of IIMCF bul'fer (150 mM NaCI, 5 mM

KCI, 0.5 mM NallP04 , 5 mM glucose, 10 mM IIEPES, pli 7.4) and incubated in

methionine-free RPMI containing 2% dialyzed F13S for 1hour (pre-incubation period).

When tunicamycin (Sigma) was used in the experiments, it was added to the medium

during Ule pre-incubation period at a final concentration of 1.5 /lg/ml. Mter the pre

incubation period, cultures were labeled for 7 hours WiUl 50 /lCi/ml [3SS]methionine

(ICN). Subsequently, cultures were washed twice with HMCF bul'fer eontaining 2mM

cold meUlionine and Ulen immediately detergent-solubilized. Detergent solubilization

was carried ouI in 2 ml ice-cold solubilization bulTer (150 mM NaCI, 20 mM Tris,

1 mM EDTA, 1 mM EGTA, 1% NP-40, 0.02% NaN3, pH 7.6), containing 1%

(vol/vol) aprotinin, soybean trypsin inhibitor (50 /lg/ml), phenylmethylsulfonylfluoride

and N-eUlylmaleimide (boUl al 5 mM), and leupeptin and pepstatin (bOUl at 1 /lg/ml).

Labeled proteins in Ule lysate were Ulen incubated with pre-swollen Sepharose-protein

A beads (Pharmacia) for 3 hours al 4°C with gentle shaking. For analysis of culture

supematants, cells were left to incubate for another 7 hours in 5 ml of fresh RPMI

containing 2% FBS and 2 mM cold meUl!onine following Ule labeling period. Labeled
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proleins in the eonditioned media were ineubated with Sepharose-protein A beads. In

buth instances, pre-c1eared supernatanls were obtained and used for

immunopreeipitation.

CcII Surface Labeling with 1251

Laetoperoxidase-eatalyzed radioiodinalion of eultured rat astrocyle or chick skin

Iibroblast surface proteins was carried out as deseribed (Harlow and Lane, 1988).

Brieny, cultures were washed and EDTA extracted (5mM) in CaH
- and MgH -free

Ilank's balanced salt solution. Washed eells werc rcsuspended in 1 ml of Dulbecco's

phosphate-buffered saline (PBS) containing 50 mM KI and IO mM glucose. To this

ccli suspension, 500 /LCi of Na1251 (Amershanl) was added and allowed to stand at

room temperature for 2-5 minutes. The reaction was initiated by adding 200 /LI

lactoperoxidase (0.2 mg/ml) and 50 /LI glucose oxidase (0.2 mg/ml) in PBS. After

10 minutes, the reaction was stopped by adding 1 ml PBS containing 50 /LM

thiosulfate, followed by two washes in PBS eontaining '.0 mM KI and three washes in

PBS alone. Labeled cells were subsequently solubilized in ice-cold solubilization buffer

containing protease inhibitors as described above. Cleared supernatant was

subsequently used for inllllunoprecipitation or immunoaffinity chromatogra.ohy.

ImmunGprecipitation

NP-40 solubilized extracts l'rom purified cultures of neonatal rat astrocytes and rat C6

gliomas were used for immunoprecipitation. One ml aliquots of [3SS)methionine or

Nal2sl-labeled proteins in solubilization buffer were mixed with 15 /Lg of MAb lAI or

MAb JG22 for 2 hours. This was followed hy an overnight incubation with 100 /LI of

Sepharose-protein A beads. Both steps were carried out at 4oC WiUl shaking. Beads
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were washcd 7 limes with NET buffer 050 mM NaCI. 50 mM Tris. 0.1 % NI'-40.

0.25% gelatin. 0.02% NaN]. pH 7.6) aud thcn resuspended in 30 /lI SDS-samp\c

bul'l'cr. Beads were boiled for 5minulcs. eel1lrifuged. and supernalants slured at -70"C

for SDS-PAGE analysis.

Imnlunoaffinity Chromatography

;'l'iir'~d MAb IAl or normal rat IgG were couplcd to Affi-gel Hydrazide beads

according to manufacturer's instructions (Bio-Rad) at a concentration of aboul 4 mg

protein per ml of gel matrix. IgG l'rom non-immune rat sera was used to control for

non-specific binding. The antibody columns werc stored in solubilization buller

without NP-40 at 4oC until use.

Immunoaffinity purification of the 1A1 alltigen was carricd out as dcscribcd

previously (Antonicek et al.. 1987). Dctcrgcnt-solubil ized protcin extracls preparcd

l'rom cl1ltures of '2sl-labeled rat astrocytes or chick skin !ibroblasts. werc !irsl passed

through the normal rat IgG Affi-gel Hydrazide column. The flow-through of this

column was then added to the MAb lA 1affinity column. Columns were washed twicc

WiUl 100 ml of solubilization bul'fer containing low (150 mM NaCI) and high (400 mM

NaCI) salt concentrations, followed by another wash WiUl 50 ml of low salt bul'l'cr.

Bound antigen was eluted WiUl 0.2 mM glycine (pH 2.8), neutralized with 1 M Tris

buffer (pH 11.5) and lyophilized after subjecting eluant to dialysis. The eluted alltigcn

was analyzed by SOS-PAGE under both reducing and non-reducing conditions.

SOS-PAGE Analysis

Oetergent-solubilized proteins and immunopurilicd antigen were analyzed by SOS

PAGE accordillg to Laenullii (1970) with rengcllis l'rom Bio-Rad Lnboratorics.
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Samples were run in the presence or absence of reducing agent (0.1 M dithiothreitol,

Sigma) on 7.5% acrylamide gel. Labeled proteins were visualized by autoradiography.

Kodak X-ray films were exposed at -70°C and developed 3-4 days later. Molecular

weights were estimated on the basis of the following markers: myosin, 200 kd;

(3-galactosidase, 116 kd; phosphorylase (3, 97 kd; bovine serum albumin, 66 kd; and

ovalbumin, 45 kd (Bio-Rad). To visualize stand,ml proteins, gels were stained with

Coomassie blue.

hl1lllunoblot Analysis

Arter SDS-PAGE, portions of the gel were stained with a silver-staining procedure as

described by Morrissey (1981). The remaining proteins were transferred

electrophoretically onto nitrocellulose tïlters. Imlllunoreactive bands were visualized

by the following procedure, ail carried out in sequence at room temperature, unless

indicated. The filters were washed Witil Tris-buffered saline (TBS, 25 mM Tris,

50 mM NaCI, pH 8.0) and blocked with 20% swine serum (Cedarlane) in TBS for

30 minutes. Incubation with rabbit polyclonal anti-cadherin :mtibody (diluted 1:200)

or mouse monoclonal anti-HNK-I antibody (diluted 1:200) for 1 hour was followed by

an overnight incubation at 4"C. Filters were then washed wiUl TBS containing 0.05%

Tween-20 and incubated for 45 minutes with alkaline phosphatase-conjugated goat anti

rabbit IgG (Promega, 1:5000) or biotin-Iabeled goat anti-mouse IgG and IgM (Bio/Can

Scientific, 1:30 oœ). In the latter case, filters were wash;:d and incubated with avidin

conjugated to alkaline phosphatase (Sigma, 1:3000) for 30 minutes. After subsequent

washings, filters were developed with nitroblue tetrazolium and 5-broml!-4-chloro-3

indolyl phosphate (boUl from Sigma) for 5-10 minutes. The filters were tilen dried and

photographed. For controls, the nitrocellulose filters were probed with either rabbit
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pre-immune sera (diluled 1:200) or Sp2/0 asciles l1uid (diluled 1:200) followed by

ineubalion with seeondary antibodies as deseribed above. Ali antibody dilutions were

made in TBS eonlaining 20% swine serulll.

Cell Adhesion Assay

(i) Cell-cell adhesiOIl: A short-lerm adhesion assay w,\s earried out using lIIonolayer

cultures of aslroeytes or neurons as target eells. l'robe eells whieh were either nellrons

or astrocytes were labeled with 1, 1'-dioetadeeyl-3, 3, 3', 3'-tetramelhyl

indocarbocyanine perchlorate (DiI, 3 x 1O-} mM) for 2 hours at 37°C. Pure

populations of cerebellar granule cells were obtained by centrifugation through a

Percoll density gradient (Hatten, 1985). FiaI type-l astrocyt.:s were puri lied l'rom

cerebral cortex as described above. Astrocytes were plated at a density of 2 x 10" onto

PLL-coated 13 mm glass coverslips. These coverslips were used within a week when

the astrocytes formed a l'ully confluent monolayer. Neurons were plated on similar

coverslips at a density of 1.5 x lOs cells per coverslip so as to yield very high density

cultures which were used tlle following day for the adhesion assay. These monolayers

were washed 3 times witll DMEM and trealed with IgG or Fab fragments of MAb 1A1

or control MAbs for 15 minutes at 37°C prior 10 adding Dil-labeied probe eeUs at a

density of 2 x 10' eells/cm2 for astroeytes, and 5 x 10' eells/em2 for neurons. The

coverslips were placed on scored Petri dishes in a total volume of 100 III of tissue

culture medium per coverslip. Probe and target cells were incubated for 90 minutes

at 37°C. Coverslips were ilien washed 3 times by gently dipping in MEM-H and tllen

fixed wiili 4% paraformaldehyde in 0.1 M phosphate bul'fer (pH 7.2) at room

temperature for 15 minutes. The coverslips were mounted on slides and the number

of Dil-labeied single adherent cells in a given number of fields were counted under a
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nuorescence microscope. Phase opties was also use<.l to confirm that the Dil-labele<.l

cells wcre altache<.l lo the cells of the monolayer and nol <.Iireclly 10 the coverslip.

(ii) Cell-subslralul/l adllesio//: '1'0 asscss the effecls of MAb 1A1 on the

altachment of astrocytes to culture substrala coale<.l with various ECM molecules,

24 weil culture plates were use<.l. PLL-coate<.l 24 weil plates were incubate<.l overnight

at 4oC with the various ECM molecules use<.l at concentrations that were previously

foun<.l to give If.aximal allachment of rat astrocyles (Tawil et al., 1990). Fibronectin

was used at 50 /lg/ml while laminin, collagen (type 1), and PLL at 10 /lg/ml each.

After overnight incubation the dishes were rinsed 3 times with Ca2+- and Mg2+-free

Hank's balanced salt solution, and 200 /lI of medium containing no MAb or lAI MAb

(l00 /lg/ml) in DMEM was added to wells. Cultures of purified astrocytes were

washed, trypsinized, and gently triturated to obtain a suspension of single cells. An

"quai number of cells was a<.l<.led to wells ami slowly shaken to <.Iistribute cells

uniformly. Astrocytes were allowed to altaeh to lhe eoated wells for 2 hours, washed

extensively by aspirating medium, fixed, and visualized with Coomassie blue stain.

The number of attached cells were counted in the same number of fields for each

experiment using an inverted light microscope.

Neurite Outgrowth Assay

Dissociated hippocampal (EI8) or cerebellar cortical (PI) ceUs were plated onto

astrocyte monolayers at a density of 1 x 10" cells per coverslip in serum-free

chemically defined medium (Bollenstein and Sato, 1979). These cultures were

incubated for 18-20 hours at 37°C in a 5% CO2 atmosphere in the abs~nce or presence

of antibodies. They were then fixed with 4% paraformaldehyde foUowed by 5% acetie

acid in ethanol. Incubations were carried out as described before. Cultures were
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labeled wilh anti-NF anlibodies using lhe MAb RT97. This was followed by a second

incubation with G Cl: MlgG-Rh. These cullures were also stained with the Iluorescent

dye Nuc\ear yellow (0.001 %, Hoechst S769121). The percentage of single nenrons

extending neurites greater than two cell body diallleler in length was estinmted using

both fluorescence and phase optics. For the ccrebellulll, small neurons (= 10 Itlll)

were counted. These have been described previously to be granule cells (Alllllan,

1972).

2.3 ;Results

Monoclonal Antibody lAI was Generated using Cultured Rat Astrocytes

In order to identify neurite-outgrowth promoting lllolecules expressed on aSlrocytes,

cultured astrocytes purified l'rom the neonatal rat brain were used to inununize mice

and the hybridoma technology used to generale :nonoc\onal antibodies. Hybridollla

supernatants were screened for cell surface labeling of lllolecules on astrocyles. Those

antibodies that labeled astrocytes were then tested for their ability to inlerfere wilh

neurite outgrowth l'rom developing CNS neurons. In this chapler, the characlerization

of an adhesion molecule recognized by the MAb 1A1 is reported.

Monoclonal Antibody lAI Labels a Subpopulation of Non-neuronal Cells in Rat
CNS

The MAb 1AI binds poorly to tissue seclions for immunohistochemical studies.

Therefore the cell-type labeling with the anlibody was done using dissociated cell

cultures. The MAb lAI labeled the surface of flat epithelial-Iike cells in primary

dissociated cultures of neonatal rat cerebral cortex (Figure 2.1, A). The majority of

these lAI + cells were identified as astrocytes by their characteristic fibrillar staining
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with allli-GFAP antibodies (Figure 2.1, B). The Ilat GFAP+ astrocytes found in these

cultures are likely to be type-I aSlrocytes (RaiT et al., 1983a). In short-term cerebral

cortical cultures, not ail Ilat type-I astrocytes were 1A1+. Inis was in eontrast to

long-tenn cultures (> 10 days) in which more than 97% of the flat GFAP+ ceIls were

IAI+. Likewise the majority of the cells (== 95%) expressed the lAI antigen in

secondary cultures of purified astroeytes (Figure 2. l, C and D). In CNS cultures, a

distind population of process-bearing astrocytes (type-2 astrocytes) is found that is

derived l'rom a different Iineage than the flat I.ype-I astrocytes (Ra1'1' et al., 1983a; Levi

et al., 1986) and w!iÏch express polysialogangliosides recognized by the Mp.j A2B5

(RaiT et al., 1983a). In contrast to the flat astrocytes, the process-bearing type-2

astrocytes purified l'rom neonatal rat cerebral cortex did not express the lAI antigen

(Figure 2.1, E and F) but were A2B5+ (Figure 2.2). lAI immunoreactivity was also

found to be restricted to the type-I astrocyte Iineage in expiant cultures of the neonatal

rat optic nerve and primary cultures of neonatal rat cerebellar cortex (data not shown).

ln addition to the flat astrocytes, elongated GFAP+ astrocytes which resemble

Bergmann glial cells in Ule cerebellunl also showed illlense surface labeling WiUl MAb

1A1 (Figure 2.1, Gand H). Oligodendrocytes, the other macroglial cell-type in Ule

CNS, were IAI- in short-term primary cultures and also in seclJndary cultures of

oligodendrQCytes purified l'rom neonatal rat cerebral cortex (Figure 2.1, 1 and J).

Monoclonal antibody 1A1did not bind to neurons in primary cerebellar cortical

cultures. This was further eonfirmed by obtaining purified cerebellar granule cells by

Percoll density gradient centrifugation. These neurons wlùch were plated at high

density were IAI- (Figure 2.3, A, C and D). In these cultures, lAI immunoreactivity

was associated only WiUl astrocytes Ulat make up less than 2%of the cells (Figure 2.3,
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A-C). The type-I astrocytes had a proeess-bearing morphology in lhese culiures

because of the l1igh density of neurons as reported previously (Hatten, 1985; Cnliean

ct al., 1990). Other CNS neurons l'rom the eerehral cortex, relina, ami hil'l'llCaml'US

also did not express the 1A1 antigen. The MAb 1A1 also did not bind 10 ncurons

(Figure 2.4, A and B) or Schwalm cells (Figure 2.4, C aud D) in primary cultures of

neonatal rat dorsal root ganglia or peripheral ncrve.

The expression of 1A1 allligen was further examined in cullurcs cnriehed for

leptomeningeal eells. These FN+ cells in short-term cultures did not express the lA 1

antigen (Figure 2.5, A and B) and remained 1A\" in long-term cultures as long as the

cultures were non-confluent. The O1ùy cells that were 1A1+ in the non-confluent

leptomeningeal cultures were the small number of astrocytes that were present (Figure

2.5, E-G). However, upon confluency Icptomcningeal cells becamc lAI' (Figure 2.5,

C alld D). Skin Iïbroblasts also showcd a similar type of rcgulation in the expression

of the lAI antigen (data not shown).

The cellular distribution of lAI antigen in other non-neural tissues was also

eXanlined in expiant or dissociated ccll cultures by immunocytochemistry. Flat, FN 1

fibroblast-like cells in cultures of spleen and lung wcre found to be lAI +(Figure 2.6,

A-D). These cells likely belong to the connective tissue capsule and septa found in

these organs. A few FN+/IAI + cells were also occasionally found in the Iiver and

kidney. Figures 2.6E alld 2.6F show an example of IAI- cells in the kidney. lAI +

cells were not found in cultures of skeletal and cardiac muscle, or aorta (data not

shown).

Monoclonal Antibody lAI Binds to a Cell Surface Molecule

Two lines of evidence suggest that the lAI antigen is found on the cell surface.
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(il Il1ll1lunocylochcl1licallabeling of unlÏxcd cu\lurcs with MAb 1A1 is indicative of a

ccII surface moleculc. The MAb 1A1showed a punclate staining pattern on the surface

of rat aSlrocytes (Figure 2.1, A, C and G) and leptol1leninges (Figure 2.5, C). This

type of punctate labeling is characteristic of l1lany surface molecules, such as N-CAM,

N-cadherin, and integrins (Noble et al., 1985; Tawil et al., 1990). (ii) The surface

localization of 1A1 antigen was further conlÏrmcd by radioiodinating live astrocytes

with the lactoperoxidase method (discussed later). These experiments c1early indicated

that the 1A1 antigen is a ccII surface molecule.

Monoclonal Antibody 1A1 Interferes with Adhesion on Astrocytes

'1'0 establish whether the lAI antigen is an adhesion molecule, ils involvement in

neuron-astrocyte, and astrocyte-astrocyte adhesion was investigated using a short-term

adhesion assay. Higlùy enriched populations of posUlatal day 1 (Pl) rat cerebellar

granule cells and astrocytes from neonatal rat cerebral cortex were labeled with the

fluorescent marker DU and plated onto monolayer cultures of astrocytes. DU-Iabeled

neurons or astrocytes were allowed to adhere to astrocyte monolayers for 90 minutes

with or without aniibodies. The nurnber of single cerebellar neurons attached to

astrocyte monolayers in the presence of lAI antibodies (Fab fragments at 500 !-tg/ml)

was inhibited by 27% as compared to cultures grown in the presence of control

antibody 6C6 (Table 2.1). The MAb 6C6 binds to an astrocyte surface antigen (David

and Crossfield-Kunze, 1985) and has been shown previously to have no effect ·.i

neurite growth on astrocytes (Chual1 et al., 1991), but blocks astrocyte-astrocyte

adhesion (unpublished observations). This antibody was therefore used as a control for

ail functional assays involving neuron-astrocyte interactions. Another antibody, the

MAb JG22, was used to control for non-specifie binding. JG22 is a chick-specific
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MAb againsl Ule integrin {J, subunit (Horwitz el al., 1984) and does nol biml 10 rat

tissue. The control antibody J022 gave results similar to MAb 6C6 in lhe neuron-

astrocyte adhesion experiments. Astrocyte-astroeylc adhesion was also inhibiled by

1A1 antibodies (500 Ilg/ml) by 33 % as comparcd to control cultures in the presence

of MAb Ran-2 (Table 2.2). The MAb Ran-2 binds to a surface antigen on rai

astrocytes (BarlieU et al., !981). Neuron-neuron adhesion assaycd using Percoll

density purificd 1'7 rat cerebellar granule neurons was unaffeelcd by MAb lA 1

(Table 2.3), suggesting thatthe inhibition by MAb 1A1 in the previous experiments is

specifie. The blocking effect of MAb 1A1on neuron-astrocyte and astrocyle-astrocyle

adhesion was concentration ùependent and required calcium during trypsinization of

DiI-labeled probe cells. AIUlough the receptor for 1AI antigen appears to be sensitive

to calcium, Ule 1A1 antigen itself was not, because label ing of astrocytes in suspension

WiUl MAb 1A1 was still observed immediately arter trypsinization in the absence of

calcium (Figure 2.7, A and B).

Monoclonal Antibody lAI Does Not lnhibit Attachment of Astrocytes to ECM
Molecules

ln order to exc1ude Ule possibility Ulat Ule adhesion to astrocytes mediated by 1A1

antigen is not via ECM molecules or Uleir receptors, th~ effects of the MAb 1A1 were

examined on Ule attachment of astrocytes to laminin, fibronectin, and collagen (type 1).

The MAb lAI had no effect on Ule attachment of astrocytes to Ulese substrala

(Table 2.4). The MAb 3A3 which recognizes the (X,{3, illtegrill inhibited allachment

to laminin and collagen (data not shown) as reporled previously (Tawil et al., 1990).

Monoclonal Antibody lAI Inhibits Neurite Growth on Astrocytes

Afruùty-purified IgO or Fab fragments of 1A1 antibodies were furUler tested for their
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cffccts on ncuritc outgrowth From two different populations of rat CNS neurons on

monolayers of astrocytes. EI8 hippocampal and PI cerebellar cortical cclls were

cultured for 18-20 hours on astrocyte monolayers in the absence or presence of MAbs,

which included lAI, 6C6, and JG22 antibodies. The presence of lAI antibodies

(1 mg/ml) in the culture medium signilîcantly dccreased the number of neurons

extending neurites greater than two cell body diameter in lengUl (Figures 2.8 and 2.9).

Neurite outgrowUl from EI8 hippocampal neurons was reduced by 29% WiUl lAI Fab

fragments as compared WiUl control cultures (Figure 2.8). In experimellls WiUl PI

cerebellar cortex, Ule percentage of neurons bearing neurites was reduced by 30% wiUl

monovalent Fab fragments of lAI antibodies (Figure 2.9). There was no significant

difference in Ule percentage of process-bearing neurons when cultures grown wiUl

control antibodies (6C6 and JG22) are compared to UlOse cultured in Ule absence of

antibodies (Figures 2.8 and 2.9).

8iochemical Analysis of lAI Alltigen by Immulloprecipitatioll and lmmunoaffinity
Chromatography

MOI/oc/anal an/ibody lAI recognizes a 135 kd band on SDS-PAGE. Immuno-

precipitation and immunoaffmity chromatography were carried out to characterize Ulis

antigen because Ule MAb lAI does not recognize the antigen on Western blots. After

metabolie labeling of purified rat astroeytes WiUl ['5S]meUlionme, a prominent band at

135 kd was seen in immunoprecipitates obtained WiUl MAb lAI under boUl non

redueing (Figure 2.10, A, lane 1) and redueing conditions. A 135 kd band was also

immunopreeipitated wiUl MAb lAI following 1251-labeling of live cultured astroeytes

(Figure 2.10, A, lane 3). A similar MW band was also immunoprecipitated from

confluent leptomeningeal cultures labeled with ['5S]methionine (data shown in
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Chapter 4). When [35S]methionine-labeling W.IS performed in the presence of

tunicamycin, there was a reduction in apparent MW from 135 to 128 kd (Figure 2.IU.

B, lanes 1 and 2), indicating that the 1A1 anligen contains N-glycosidically Iinked

sugar moieties accounting for about 5% of ilS weighl. 1'0 examine whelher the 1A1

antigen is fOWld in culture supernalants of purilïed astrocyles, cultures wc.' pulse

Jabeled with pSS]methionine and the labeled proleins in the conditioned media were

anaJyzed 7 hours later by immunoprecipitation. A doublet migrating at apparcut MW

of 100 and 110 kd was seen in immunoprecipilales obtained with MAb 1A1

(Figure 2.10, C, lane 1). Whether these bands represent the secreted form of 1A1

antigen or a degradation product by extracellular proteases is not known. In addition

to astrocytes, several glial cell lines were screened for the expression of 1A1antigen

(Appendix 1). Of these celllines, two showed lAI' inllllunoreactivity (Dl TNC, and

C6 gliomas). The majority of rat C6 glioma cells were found to express thc 1A1

antigen both by immWlocytochemistry (Figure 2.11) and by inllllunoprecipitation

following metabolic labeling WiUl [3SS]methionine (Figure 2.10, D, lane 1).

The 1A1 antigen on cultured rat astrocytes was further analyzed by

immWloaffmity chromatography. The eluted 1251-labeled fraction from Ule lAI aflïnity

colWlID show~d a prominent band migrating at approximately 135 kd under boUI

reducing (Figure 2.12, lane 1) and non-reducing conditions. This band was not seen

on SDS-PAGE when I25I-labeled confluent cultures of lAI- chick skin fibroblasts were

used as control cells (Figure 2.12, lane 3) or when eluants from normal rat IgG aflïnity

colWlID were analyzed (Figure 2.12, Janes 2 and 4).

Relationship of JAJ antigen ta otller eeU adhesion mo/ecu/es. 1'0 determine

whether the lAI antigen belongs to Ule cadherin family or possesses the HNK-I
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carbollydratc cpitope, the immwlOpurified protcin obtained from solubilized rat C6

glioma eclls (Figure 2.13, lane 1) was allalyzed by Western blouing. A rabbit

polyclonal antibody raiscd against a synthelic Jlcptide containing the amino-acid

scquence HAV, a higlùy eonserved region in most cadherins, reeognized a single band

at approximately 130 kd in extracts of C6 gliomas (Figure 2.13, lane 2), but did not

bind to the purified lAI antigen (Figure 2.13, lane 4). A mouse MAb against the

HNK-I epilope failed to react with Western blots of C6 glioma extracts, as weil as

with the purified lAI antigen (Figure 2.13, lanes 5 and 7). The anti-HNK-I antibody

however recognized antigens in extracts of neonalal rat brain (Figure 2.13, la.ne 8).

2.4 Discussion

This chapter describes the in vitro and biochemical characterization of a rat neural ccII

surface glycoprotein that is reeognized by MAb 1Al. The 1A1 antigen appears to be

distinct from other adhesion molecules expressed in the CNS (discussed below).

Mouse and chick cells do not react with 1A1 alllibodies, except for some labeling

observed on 1-2% of MAC-l + cells in mouse CNS cultures (data not shown).

The lAI Antigen is a Cell Adhesion Molecule

In Ulis study il was shown iliat Ule antigen recognized by ilie MAb 1A1 is involved in

mediating neuron to astroeyte, and astrocyte to astrocyte adhesion. The MAb lAI

induces a reduction of about 30% in boUlneuron-astrocyte (heterotypic) and astroeyte

astrocyte (homotypic) interactions. Astroeytes also appeared less flattened in Ule

presence of lAI antibodies. Antibodies to N-CAM, JI, and AMOG have been shown

previously to interfere WiUl neuroll to astrocyle adhesion by about 30% (Keilhauer et

al., 1985),50% (Kruse et al., 1985), and 25% (Antollieek et al., 1987), respeetively.
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ln addition, N-CAM antibodies interfere with astrocyte to astrocyte adhesion by about

25% (Keilhauer et al., 1985). These adhesion assays were carried out with allliblldies

used at 1 mg/ml. The degree of inhibition by antiblldies tll Ulese adhesion molccllies

are comparable to Umt obtained with the MAb 1A1. For instance, similar inhibition

as anti-N-CAM antibodies is seen wiUl 1A1 Fab fragments in neuron-astrocyte (34%

with 750 ILg/m1) and in astrocyte-astrocyte (25 % with 250 ILg/ml) adhcsion. CcII-ccII

adhesion is important in histogenesis and may rcgulalc many dcvelopmclItal cvclIls in

the nervous system, such as neuronal migration and axon elongation. In addition to

Ule flat astrocytes, Ule 1A1antigen is expresscd on radial Bergmann glia which support

the migration of granule cells in the devcloping ccrcbellar cortex (Rakic, 1971; Still

and Hatten, 1990). There is evidence Umt this molecule is developmentally regulated

in vivo in Ule developing cerebellum and is involved in Ule adhesion and migration of

neurons to BergmalUl glia in vitro (data shown in Chapter 3). However, its cellular

distribution in vivo is not known since Ule monoclonal antibody binds very poorly to

tissue sections.

The lAI antigen is not expressed by neurons; therefore, it must be mediating

neuron-astrocyte adhesion in vitro by a heterophilic-binding mechanism. The binding

mechanisms involved in astrocyte-astrocyte adhesion by this molecule may be

homophilic and/or heterophilic. Several CAMs have been identified that mediate bolh

homophilic and heterophilic interactions (Grumel and Edehnan, 1988; Lemmon ct al.,

1989; Kuhn et al., 1991; Mauro et al., 1992; Murray and Jensen, 1992). A significant

inhibition in neuron-astrocyte adhesion with MAb 1A1 occurs only whcn ncurons,

which are 1A1-, are trypsinized in Ule presence of calcium, suggesting Ulat Ule receptor

for Ule lAI molecule on neurons is sensitive to trypsin in Ule absence of calcium.



• 66

llowever, 1A1 itself does not show such trypsin sensitivity. Tryptic dissociation of

cells in the presence of calcium Ieaves the calcium-dependent adhesive mechanisms

intact, while the calcium-independent oncs bcco\1lc inactivatcd (Ueda and Takeiclli,

1976). Therefore, the interaction between thf. 1A1 molecule and its receptor may

involve a hctcrophilic calcium-dependent mechanism. There are several examples of

calcium-dependcnt heterophilic interactions, such as those mediated by ICAM-I

(Staunton ct al., 1990), VCAM-I (Elices cl al., 1990), PECAM-I (Albelda et al.,

1991), and Nr-CAM (Mauro et al., 1992).

The functional inhibition of the lA 1molecule with antibodies was fnr!her shown

to affect neurite outgrowth on astrocytes. In the presence of monovalent Fab fragments

of MAb lAI (1 mg/ml) neurite outgrowth from developing CNS neurons on

monolayers of astrocytes is inhibited by 30%. Neurite outgrowth on glial cells

(astrocyles or Schwann cells) is mediated by a combination of different adhesion

molecules (Bixby et al., 1988; Neugebauer et al., 1988; Tomaselli et al., 1988; Chuah

et al., 1991). 1'0 date, three distinct adhesive mechanisms have been described that

mediate ncurite oUlgrowth from CNS neurons on cullured astrocytes. It was shown

that N-cadherin, N-CAM, and integrins are important in process formation from retinal

neurons on astrocytes (Neugebauer et al., 1988). Extracellular matrix glycoproteins

timt are expressed on astrocytes, such as laminin (Liesi et al., 1983) and

thrombospondin (Asch et al., 1986), are known to regulate axonal growth via integrins

(Neugebauer et al., 1988; Tomaselli et al., 1988; Neugebauer et al., 199\). The

neuronal surface molecule LI has also been shown to mediate neurite outgrowth on

Müller glia (Drazba and Lemmon, 1990) and astrocytes (Smith et al., 1990; Chuah et

al., 1991). The extent to which these adhesion molecules are invo1ved in mediating
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neurite outgrowth varies with the developmelllai age and type of neurons (Neugeballer

et al., 1988; Tomaselli et al., 1988). The sllldy rcporled in this chapter show that thc

astrocyte surface molecule rccognized by IheMAIl 1AI, mighl be anolher candidatc

that ean mediate neurite outgrowUl l'rom dcveloping CNS neurons.

Relationship of 1A1 Antigen to Other Known CcII Adhesion Molecules

The comparison of the 1A1 molecule with othcr adhesion moleculcs indicalc

differences mainly in Uleir cell-type distribution. Most of the known neural adhesion

molecules are expressed on neurons, but nOI glia; thcse include Ll/NILE (Salton ct al.,

1983; Rafujen and Schaehner, 1984), Ng-CAM/8D9 (Grumet ct al., 1984b; Lcmmon

and McLoon, 1986), astrotactin (Edmondson et al., 1988), contactin/FI1/F3 (Ranschl,

1988; Gennarini et al., 1989a), TAG-I/axonin-I (Dodd et al., 1988; Sloeckli cl al.,

1989), DM-GRASP/SC-I (Tanaka and Obata, 1984; Burns el al., 1991), and Nr-CAM

(Grumet et al., 1991). This is in contrast to lhc cellular distribulion of 1A1 in the

CNS, wlùch is restricted to flat type-I astrocyles and cells that resemble Bergmann

glia. In addition to Ulese cells which are derived l'rom the neuroecloderm, the 1A1

antigen is also expressed by leptomeningeal cells and skin fibroblasts which are derived

l'rom fue mesenchyme when fuese cells are grown to confluency. Fibronectin 1

fibroblast-like cells in confluent cultures of spleen and lung are also found to express

fue lAI antigen. These cells Iikely belong to the connective tissue capsule and septa

found in these organs. A few FN+/IAI + cells are also occasionally found in cultures

of fue Iiver and kidney. lAI + ceJ:s are nol found in cultures of skeletal and cardiac

muscle, or aorta (data nol shown).

Unlike 1Al, Ule iv1Ab Ran-2 described previously by Bartlett et al. (1981) labels

not only astrocytes and leptomeningeal cells but also Schwann cells (BarlieU el al.,
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1981; Mirsky ami Jessen, 1984), is trypsin sensitive (Bartleu et al., 1981), and does

not block astrocyte to astrocyle adhesion. In addition, unIike MAb lAI, Ran-2 binds

to lcptomeningeal cclls at low plating density (unpublished observations). 111erefore

thc MAbs Ran-:':: and 1A1 are unlikely to recognize the same molecule. Recently, a

glial cell adhesion molecule (G-CAM) was idcntified on rat astrocytes and

oligodendrocytes (Geisert et al., 1991). lAI dirrers in its apparent MW (135 kd) l'rom

G-CAM which migrates at 106 kd on SDS-PAGE. In addition, unIike G-CAM, lAI

is not cxprcsscd by oligodcndrocytes. Thc astrOl:yte surface molecule, AMOG,

dcscribed prcvious:y by Antonicck et al. (1 :187) also differs l'rom lA 1 in ilS MW

(45-50 kd). Other adhesion molecules, likc ECM molecules and their intcgrin

rcceptors, as weil as N-CAM and cadherins, have a wider cellular distribution in the

ncrvous system. The lAI molecule differs l'rom these adhesion molecules in its

selective distribution on astrocytes and leptomeningeal cells. There are several ether

lines of evidence to suggestthatlAI is distinct l'rom N-CAM, cadherins, and members

of the integrin family of ECM receplors: (i) The 1A1 molecule is isolated l'rom cells

as a single MW band of 135 kd, in contrast to the 115, 135, and 190 kd molecular

isoforms of N-CAM. Unlike lAI, the 135 kd form of N-CAM is expressed by both

neurons and astrocytes (Noble et al., 1985; Nybroe et al., 1986) and is heavily

glycosylated (Cunningham et al., 1987). In addition, N-CAM as weIl as other

members of the Ig superfamily express HNK-l (Gennarini et al., 1989b; Jessell et al.,

1990; Burns et al., 1991; Grumet et al., 1991; Kayyem et al., 1992), whereas lAI

purified l'rom C6 gIiomas lacks this carbohydrate epitope. However, heterogeneity in

Ule expression of the HNK-I carbohydrate epitope has been previously observed for

N-CAM, Ll, MAG, and Po such that only a proportion of each of Ulese adhesion
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molecules express HNK-I (reviewed by Salzer and Cohmm, 1989). Although the

HNK-I epitope is absent in the lAI molecule isolated l'rom C6 glioma cells, it is not

known whether this carbohydrate epitope is present on a proportion or 1A1 molceulcs

at different developmental stages in vivo. Thererore these results do not exclude the

possibility that lAI may belong to the Ig superramily. (ii) The lAI moleelile dilTers

l'rom cadherins in three major respects: the absencc or the liAY sequence, ilS bimling

meehanism, and its insensitivity to trypsin in the absence of calcium. The puritïed 1A1

antigen does not inununoblot witll a polyclonal anti-cadherin antibody raised against a

peptide derived l'rom the ECI domainof mOllse N-cadherin, tlmt contains the HAYcell

adhesion recognition sequence (Blaschuk et al., i 990; Nose et al., 1990). This three

amino-acid sequence is conserved in most cadherins (reviewed by Geiger and Ayalon,

1992) and shown to be involved in neurite outgrowth on astrocytes (Blaschuk et al.,

1990; Chuah et al., 1991) as weil as in other cadherin-dependent ccll adhesion

(Blaschuk et al., 1990). Il is not known whether there are full length cadherins in the

nervous system that lack the HAY sequence. However, a truncated form of cadherin

(T-cadherin) tllat laeks tlle HAY sequence was recelllly isolated l'rom the devcloping

chick brain (Ranscht and Dours-Zimmermann, 1991). The 1A1 molecule (135 kd)

differs l'rom T-cadherin (95 kd) in ils apparent MW on SDS-PAGE. Furthermore,

cadherin-mediated adhesion is known to involve a homophilic-binding mechanislll,

although weak interactions among tlle members of the cadherin family of CAMs have

been reported reeently (Takeiehi, 1990). The expression of 1A1on astrocytes but not

neurons suggests that this molecule mediates the binding between astrocytes and

neurons by heterophilic mechanisms. Neuron-astrocyte adhesion mediated by 1A1 is

unlikely to involve a heterophilic interaction between cadherins, since the lAI labeling



•

•

70

of astrocytcs is not scnsitivc to trypsin in thc absencc of calcium. Taken together these

obscrvations suggest that the lA 1 molecule is diffcrenl from thc eadherin family of

glyeoprolcins. (iii) 1A1 is not likely 10 bc a mcmbcr of the integrin family. Integrins

are heterodimcrs made up of two distinct non-covalently associated Ci and (3 subunits.

ln several instances integrin Ci and (3 subunits have disulfide bonds which when reduced

alter their mobilities on SOS-PAGE (Hender, 1990; Hynes, 1987). Many of the

Ci subunits yield two fragments under reducing conditions. Under such conditions, the

(3 subunits migrate slower on SOS-PAGE. The single band immunopurified using

MAb lAI from cultured astrocytes or C6 gliomas does not s(ùft under reducing and

non-reducing conditions, suggesting that 1A1 has no interchain disulfide bonds. In

addition, the adhesion of astrocytes to lanlinin, fibronectin, and collagen (type 1)

subslrata was not affected by MAb 1A1. Sinec proleins of the ECM mediate cell

allachment and neurite growth by binding mainly lo their integrin receptors, the above

experiments show that MAb 1A1may not be recognizing these ECM molecules or their

integrin receptors.

ln general, molecules of the ECM are large MW glycoproteins that are secreted

and deposited on cells. However, Ule distinction between wheUler a molecule belongs

lo the cell surface or to Ule ECM is not always c1ear cut, since many of U1e CAMG may

be expressed boUlon U1e cell surface and in the ECM. Secreted forms of N-CAM

(Gower et al., 1988), LI (Faissner et al., 1985), and axonin-l (Ruegg et al., 1989)

have been reported. Monoclonal antibody lAI immunoprecipitated a doublet from

culture supernatants of purified astrocytes WiUl a lower MW of 100-110 kd Ulan U1at

seen on the cell surface (135 kd). WheUler the 1A1molcc:ule is also a secreted prmein

requires furUler analysis.
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An allempt was made 10 purit"y the 1A1 molceule by immull\lalïïnily

chromatography for further molecular charaelcrizalion. Sevcral ccll tincs were

screened, and of these the rat C6 gliomas exprcsscd the 1A1 anligcn al high levcls.

C6 glioma tumors were raised in nude rats by injeeting cells subculancuusly. 1'umors

were allowed to grow and membrane preparalions obtaincd for immunoartïnily

purification of the 1A1 antigen. Even lhough a high degrce of purity of thc 1A1

antigen was obtained on SDS-PAGE, the amount purificd wiUlthc Am-gcl Hydra7.Ïdc

column was not sufficient for microsequencing.

Concluding remarks

The results presented in this chapter provide evidcncc for a cell surfacc glyeoprotcin

that is found exclusively on flat astrocytes (type-I) and Bergmann gtia (radial glia) in

the rat CNS. 1t is also expressed by certain cclls of mesenchymal origin sueh as

leptomeningeal cells and fibroblasts. Furthermore, this surface molecule conlributcs

to neuron-astrocyte and astrocyte-astrocyle adhesion and neurite outgrowlh on

astrocytes. These results suggest Ulat Ule MAb 1A1 recognizes a molecule Utat appears

to be different from oUler known cell adhesion molecules. Microsequencc data and

molecular characterization will help establish ils rclationship to other known adhesion

molecules.
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Figure2.• Glial cells in dissociated cell culture ofneonatal rat cerebral and cerebellar

cortex. Cultures double-labeled with MAb lA 1 (A, C, E, Gand 1), and polyclonal

antibodies to GFAP (B, D, F and H) and CNP (J). A & Band G & H are primary

cultures at 5 days in vitro from cerebral and cerebellar cortex, respectively. C-F, 1and

J are secondary cultures of purified glia from cerebral cortex. Punctate cell surface

labeling with MAb lAI is observed only on llattype-I astrocytes (A, C and E) and

Bergmann glia (G). The intensity of lAI labeling varies between ceUs (C). The

process-bearillg type-2 astrocytes (E and F) and oligodendrocytes (1 and J) are IAI-.

Although the process-bearing astrocytes in E are negative, the flat astrocyte in this field

is lA 1+. Bar, 25 /-lm.
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Figure 2.2 Secondary culture of purified process-bearing astrocytes from neonatal rat

cerebral cortex stained with the MAb A2B5 to demonstrate that these GFAP+ cells

(Figure 2.1, F) are type-2 astrocytes. Bar, 25 ~11l •
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Figure 2.3 Oouble-immunofluorescence labeling of granule cells at 3 days in vitro

purified from neonalal raI cerebellar cortex by Percoll density gradient centrifugation.

Cultures labeled with MAb lAI (A), polyclonal anti-GFAP (B), Nuclear yellow (C),

and anti-neurofilament RT97 (0). Neurons which comprise the majority of the cells

are IAI- (A). The only cells thal are IAI+ in lhese cultures are the few GFAP+

astrocyles (B) that are present. Nuclear yellow slaining of the sa111e field is shown (C)

for easy visualization of the GFAP-, IAI- neurons. Sister cultures were stained with

ami-NF anlibodies (0) to demonstrale thal lhe small, GFAP- cells are neurons.

Bar, 25 /-1111.
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Figure 2.4 Dissociated cell culture of neonatal rat dorsal root gangHa (A and B) and

sciatic nerve (C and D) at 7 days in vitro. Cultures double-Iabeled with MAb 1A1 (A

and C), and polyclonal antibodies against neurolïlamcnt (B) and S-100 (D). The MAb

1A1 does not bind to peripheral neurons or Schwann cells in these cultures.

Bar, 20 !Lm.
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Figure 2.5 Immunolluorescence labeling with MAb 1A1 in primary non-confluent (A,

B, E, F and G) and confluent (C and D) cultures of the leptollleninges from neonalal

rat. ln non-confluent leptollleningeai cultures at 4 days in vitro, 1A1illlmunoreactivity

is not seen (A and E) on FN+ (B), GFAP- (F) leplollleningeai cells, but is seen only

on GFAP+ astrocyles (E and F). Figure G illustrates Nuclear yellow staining of cells

shown in E and F. In confluent leptomeningeal cultures at 6 days in vitro, the FN 1

(D) leptomeningeal ceUs are lAI + (C). Bar, 25 /lm.
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Figure 2.6 Immunolluorescence labeling wilh MAb lAI (A, C and E) and Nuclear

yellow labeling of the same fields (B, D and Fl, of expiant cultures of newborn rat

spleen (A and B), and kidney (E and F), and a dissociated culture of the lung (C and

D). 1A1+ cells are round in cultures of the spleen and lung. These cells are Ilat and

FN+ (data not shown), and are Iikely 10 be lïhrohlasls found in the capsule and

connective tissue septa in these organs. The explanls of Ihe kidney are 1A 1" (E and

F). The kidney capsule was rell10ved prior to explanlation. Bar, 25 1t1l1.
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Figure 2.7 Purified flal Iype-I aslroeyles l'rom nconalal raI cerebral corlex labelcd in

suspension Wilh Ml\b 11\ 1 (1\) and Nudcar yelillw (13) rollowing Irypsinizalilln.

Bar, 20 /lm .
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Figure 2.8 Percentage of hippocampal neurons extending neurites on monolayers of

astrocytes. Hippocampal neurons from EI8 rats \Vere cullured for 18-20 hours on

astrocytes in serum-free chemically defined medium with or without antibodies. Each

value represents the mean ± SEM of 2-3 experimenls. For each experilllent 150-200

cells were counted on duplicate coverslips. /\ signilicant inhibition in nellrile

outgrowth is seen in cultures grown with 1A1 IgG or 1A1 Fab fragments as cOlllpared

to control cultures (* 42% inhibition as compared with 6C6 IgG; ** 29% inhibition as

compared with JG22 Fab fragments). Neurite outgrowth in cullures without antibodies

are not signilicantly different from those culturcd in Ihe presence of conlrol anlibodies.

Significanee levels were determined using a Student's t-test; 'p < 0.005, "p < 0.01
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Figure 2.9 Percentage of cerebellar neurons cxtcnùing ncuritcs on monolaycrs of

astrocytes. Cerebellar cortical cells l'rom PI rats were culturcù on astrocytcs for

18-20 hours in serum-free media in the presence or absence of antiboùies. Each value

represents the mean ± SEM of 2-4 experiments. 100-125 cells were counleù on

duplieate coverslips per experiment. A 30% rcduclion in neurite outgroWlh is sccn in

cultures grown in the presence or 1A1 anlibodics as compareù 10 control 6C6

antibodies. Control cultures (6C6 or JG22) are nol significantly different from those

cultured without antibodies. Significance levels were delermineù using a Stuùent's

t-test; 'p < 0.001, "p < 0.01



•

•

Pl Cerebellar Neurons

No AbI----- ----J

JG22 IgG

6C6 IgG~~~~~~~~~~~~~~~~:~SSSSSlAl IgG~

No Ab I---------------J
JG22 Fab
6C6 Fab h-......................................,..........""<'""'<'"~ .............,....."............,....,............

lAl Fab~~~~~~~~r'

a la 20 30 40 50 60 70

% of Neurons with Neurites



•

•

SI

Figure 2.10 Autoradiographs of inununopreeipitates oblained with MAb 1A1\A, lanes

1 and 3; B, lanes 1 and 2; C, \ane 1; D, lane 1) ami control MAb JG22 \A, lanes 2

and 4; B, lane 3; C, lane 2; D, lane 2) alkr non-retlllcing (A, Band C) antl retlllcing

(D) SDS-PAGE (7.5%). Molecular wdght markers l'rom lop arc: 200, 116, 97 ami

66 kd.

(A) Immunoprecipitates artel' biosymhetic labeling with L"S]methionine (tanes 1 and

7.) and cell surface labeling with 1231 (lanes 3 and 4) of pllrified rat cultured astrocyles.

The arrow shows the 135 kd specific band immllnoprecipitatetl by MAb 1A1 (tanes 1

and 3).

(B) Immunop,ecipitates l'rom solubilizetl raI astrocytes artel' labclillg wilh

[33S]methionine in the absence (lane 1) or presence of tunicamycin (\anes 2 and 3).

The arrow shows the 135 kd band in Jane 1. This band is reduced to 128 kd wilh

tunicamycin-treatment of cultured astrocytes (Iane 2). Lane 3 shows imllluno

precipitates with control antibody.

(C) Immunoprecipitates l'rom [33S]methionine-labcled proleins in the conditioned metlia

of purified rat astrocytes. Lane 1 shows a doublel al 100-110 kd immunoprccipitated

by MAb lAI.

(0) lmmunoprecipitates l'rom solubilized rat C6 glioma cells artel' metabolic labeling

with [33S]methionine. The arrow shows the 135 kd specifie band immunoprecipitated

by MAb 1A l. The faint bands seen in lane 1 are lhe non-specifie bands.
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Figure2.11 Immunofluorescence labeling with MAb lAI (A) and Nudear yellow (13)

in a dissociated ccll culture of rat C6 gliomas. The MAb 1A1 shows a PUllctatc

staining pattern similar to that seen on nat type-I astrocytes. Bar, 25 /-lm.
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Figure 2.12 Autoradiographs of '''I-labcled c1l1alllS l'rom MAb lAI lianes 1 and 3)

and normal rat IgG (lanes 2 and 4) aflïnity eolllmns lIsing pllrified rat aslrocytes lianes

1 and 2) or ehiek skin fibroblasts (Ianes 3 and 4) after reducing SDS-PAGE (7.5%).

The immunoaffinity purified 1A1 antigen from eXlraelS of rat astroeytes migrates at an

apparent MW of 135 kd (lane 1). This band is absent l'rom ehick skin fibroblasts (lane

3) that were fOWld to be IAI- by immulloeyloehemislry (data not shown). The MAb

lAI is rat specifie. Molecular weight markers from top are: 200, 116,97 and 66 kd .
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Figure 2.13 The lAI antigen immunopurilïed l'rom C6 glioma cclls visualizcd by

silver-slaining (lane 1), and Weslern blol analysis of C6 gliollIa cxlracls (Iancs 2, 3,

5 and 6), of immunopurified lAI antigen (Iancs 4 and 7), and of neonala\ rai brain

exlracls (lane 8) afler reducing SDS-PAGE (7.5%). Molecular wcighlnmrkers l'rom

lop are: 200, 116, 97 and 66 kd.

Lanes 2 10 4: BloIs probed wilh eilher rabbil anli-cadherin anlibodics (Ianes 2 allli 4)

or rabbil pre-immune serum (Ianc 3). The anli-cadhcrin anlibodics rccognizc a singlc

band al approximalely 130 kd in C6 gliollIa ccII cxlracl (Iane 2) which is abscnl in

control (lane 3). The inununopurified 1A1 antigen however is nol recognized by allli

cadherin anlibodies (Iane 4).

Lanes 5 10 8: BloIs probed wilh eilher 1lI0use anli-HNK-I anlibodies (Ianes 5, 7 and

8) or Sp2/0 asciles fluid (Iane 6). The anli-HNK-l anlibodies do nol bind 10 exlracls

ofC6 gliomas and irnmunopurified lAI antigen (Iancs 5 and 7, respeclivcly), but rcacl

with neonalal rat brain extracls (lane 8). Lane 6 shows lhe antibody control.
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Table 2.1 The number of single Dil-Iahclcd nClll'uns allachcd 10 aslrocylcs in a shurt

term adhesion assay with or without antibodies. In the presence of MAb 1Al, a

signifieant reduction in lhe allachmenl of neurons lu astrocyte 1lI0nolaycrs is sccn as

compared to control cultures in the presence of MAb 6C6. Bottom results show no

blocking effect of MAb 1A1 on adhesion when neurons are trypsinized in lhe absence

of calcium. Cultures grown in the absence of anlibodies are nol significantly differcnt

l'rom those cultured in the presence of control anlihodies (6C6 or J022). Numbers

indicate mean values ± SD. The number of experiments is indicaled in parenlheses

with counts made From duplicate coverslips. Student's t-test was used to assign

significance levels; a = not significalllly different l'rom conlrol cultures, b = P <

0.02, c = p < 0.0 l, d = P < 0.001. Percentage inhibition is the difference in ccli

attachment compared to 6C6 controls.
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Antibody (/Lg/ml)

NEURON TO ASTROCYTE ADHESION

Number of single ceIls

attached in 8 mm'

Percentage of

inhibition

None 179 ± 5 (3)"

lG22 IgG (500 /Lg/ml) 173 ± 2.5 (3)

6C6IgG (500 /Lg/ml) 174 ± 6 (2)

lAI IgG (500 /Lg/ml) 122 ± 1.5 (2)C 30%

(250 /Lg/ml) 129 ± 8.5 (2)b 26%

lG22 Fab (500 /Lg/ml) 179 ± 2 (2)

6C6 Fab (500 /Lg/ml) 175 ± 4 (3)

lAI Fab (750 /Lg/ml) 116 ± 6 (3)d 34%

(500 /Lg/ml) 128 ± 8.5 (2)b 27%

(250 /Lg/ml) 137 ± 2 (3)d 22%

(100 /Lg/ml) 166 ± 6 (2)" 5%

•

None

6C6 Fab (750 /Lg/ml)

lA1 Fab (750 /Lg/ml)

154 ± 3.5 (2)"

160 ± 3 (2)

153 ± 5 (2)" 4%
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Table 2.2 Dil-labeied astrocytes plated onto 11l0nolayers of astrocytcs lor 9U minutes

in the presence or absence of antibodies. A signiricant inhibition in astrocyte to

astrocyte adhesion is seen in cultures grown Wilh MAb 1A1 as weil as 6C6 MAb

compared to control cultures (Ran-2 or JG22). Numbers indicate mean values ± SD.

The number of experiments is indicated in parcntheses wiUI counts made from Iwo

coverslips per experiment. Student's t-test was uscd to assign signilicance levels; a =

not significantly different from control cultures, b = P < 0.02, c = p < U.UI,

d = P < 0.001. Percentage inhibition is the difference in cell attachment compared

to Ran-2 controls.
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Antibody (!Lg/ml)

ASTROCYTE TO ASTROCYTE ADHESION

Number of single cells

attached in 5 mm'

Percentage of

inhibition

•

None 161 ± 4 (4)"

JG22IgG (750 !Lg/ml) 151 ± 6.5 (3)

Ran-2 IgG (500 !Lg/ml) 159 ± 7.5 (2)

lAI IgG (500 !Lg/ml) 103 ± 1.5 (2)< 35%

(250 !Lg/ml) 112 ± 8.5 (2)b 30%

(100 !Lg/ml) 118 ± 1 (2)b 26%

6C6IgG (500 !Lg/ml) 113 ± 4 (2)b 29%

JG22 Fab (500 !Lg/ml) 150 ± 8 (2)

Ran-2 Fab (500 !Lg/ml) 155 ± 6 (3)

lAI Fab (500 !Lg/ml) 104 ± 3 (2)< 33%

(250 !Lg/ml) 116 ± 4 (2)< 25%

(100 !Lg/ml) 120 ± 2.5 (3)d 23%

(10 !Lg/ml) 138 ± 5 (2)" 11%

6C6 Fab (500 !Lg/ml) 115 ± 5.5 (2)< 26%
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Table 2.3 The attaclunent of single Dil-Iabeled neurons to monolayer cultures of

eerebellar neurons in a 90 minute adhesion assay in the presence or absence of

antibodies. Numbers indieate mean values ± SIJ. The number of experiments is

indieated in parentheses with eounts made l'rom 2-3 eoverslips per experiment.

Student's t-test was used ta assign signilicance lcvcls; a = nol signilicantly differcnt

l'rom control cultures.
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NEURON TO NEURON ADHESION

•

Antibody (j.tg/mI)

None

1022 Fab (500 j.tg/ml)

Ran-2 Fab (500 j.tg/mI)

lAI Fab (500 j.tg/ml)

Number of single cells

attached in 4 mm2

78 ± 5.5 (2)

69 ± 5 (2)

80 ± 4 (2)

73 ± 9 (2)"



•

•

88

Table 2.4 The attachment of purilïed astroeylcs lo poly-L-Iysine (PLL; 10 /Lg/ml),

laminin (10 /Lg/ml), fibronectin (50 /Lg/ml), and eollagcn (type 1; 10 /Lg/ml) assessed

in a 90 minute adhesion assay WiUl and without MAb 1A1. Results l'rom 3 separale

experiments were normalized so that attaclul1cnl 10 PLL in the absence of anliblldy is

considered as 100%. The MAb lAI does not alTeet attachment of astroeytes III Ihesc

substrata. Student"s l-test was used to assign significance levels.



•

ATIACHMENT OF ASTROCYTES TO VARIOUS SUBSTRATA

Substratum Percentage of attached cells as compared to poly-L-Iysine control

•

Poly-L-lysine

Laminin

Fibronectin

Collagen (type 1)

Control (No MAb)

100

116.6 ± 5.0

121.5 ± 6.9

105.3 ± 9.3

lAI MAb (100 /Lg/ml)

101.5 ± 0.7

111.0 ± 6.3

119.6 ± 12.3

102.9 ± 6.5
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Chapter 3: The rale of tlie lA 1 /IIolecl/le il/ I/el/rol/al /IIigratiol/ III tlle
developil/g rat cerebelll//II

3.1 Introduction

Neuronal migration occurs in many regions or thc dcvcloping mammalian CNS, a

feature that has been weil documented (Ralllôn y Cajal, 1909; Rakic, 1971, 1972,

1978; Sidman and Rakie, 1973; Austin and Ccpko, 1990; Hattcn, 1990). Normal

histogenesis of the CNS is dependent upon the prccise migration or neurons during

devclopment, as evidenced in the abnorlnalitics scen in certain ncurological mutants

(Rakic and Sidman, 1973a,b; Sotelo and Changcux, 1974; Caviness and Rakic, 1978;

Hatten et al., 1986). ln the cerebellum, granule cell precursors migrate along

tangential paths l'rom the most caudal portion or the cerebellar ventrieular zone onto

the surface of the cerebellum where they rorlll the external granular laycr (EGL) during

the late embryonic period in rodents (Miale and Sidman, 1961; Altman and Bayer,

1978; Ryder and Cepko, 1992). This cellular migration required to fonn the EGL

might be mediated at least in part via the ECM molecule fibronectin (Hatten et al.,

1982; Priee and Hynes, 1985). During the early postnatal period in rodents, granule

cells in the proliferative EGL migrate down into the cerebellar cortex to forlll the

internai granular layer (IGL) (reviewed by Rakic, 1982). Studies by Rakic (1971)

describing contacts between neurons and glia l'rom electron microscopie analysis

provided some of Ule early evidence UJat granule cells may use the processes of radial

Bergmann glia to migrate l'rom the EGL to the IGL. Later, Hatten and her colleagues

(Edmondson and Halten, 1987; Fishell and Hatten, 1991; Rivas et al., 1992) reported

the migration of cerebellar granule cells along Berglllann glia using video Illicroscopy

in dissociated cell cultures. AIUlOUgh the Illolecular Illechanisllls influencing granule
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ccII migration are not yet fully understood, it has become clear from various in vitro

studies that a number of moleeular mechanisms, Le., adhesion molecules, ECM

glycoproteins (reviewed by Chuong, 1990), plasminogen activator, and proteases

(Moonen et al., 1982; Lindner et al., 198Ga; Ycrrall and Seeds, 1988), may be

involved in glial-guided neuronal migration.

ln lhis sludy, evidence is provided for anolher cell surface molecule on

Bergmann glia recognized by the MAb 1AI (hal plays an important role in neuronal

migration in the developing rat eerebellum. The MAb lAI binds exclusively to nat

type-I astrocyles and Bergmann glia, bUl nol to neurons or olller glia in ral CNS

eullure5 (data shown in Chapter 2). This antibody however binds very poorly to tissue

sections for illlmunohistochemicai studies. Inlll"lIloprecipitation studies indicate that

lhis MAb recognizes a glycoprotein with an apparent MW of 135 kd. Antibody

perturbation experiments in which dissociated cerebellar or hippocampal neurons or

aSlrocytes were plated onto monolayers of astrocytes demonstrate lIlat lIlis cell surface

molecule is involved in neuron-astrocyle and astrocyte-astrocyte adhesion, as weil as

in neurite outgrowlh on monolayers of astrocytes (Chapter 2).

ln this study, immunocylochemical and inullunoprecipitation data is provided

on the developmental changes in 1A1 antigen expression in lIle postnatal rat

cerebellum. In addition, two functional in vitro assays were employed to investigate

the role of this molecule in neuron-Bergmann glial adhesion and neuronal migration.

3.2 MateriaIs and Methods

Antibodies

Monoclonal antibodies 1A1 and GCG were used in ail functional in vitro studies. Fab
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fragments of these MAbs were prepared by prolcolytic digest with papain as dcseribed

in ehapter 2. The specilÏcity of these MAbs has bccn dcscribcd prcviously (David and

CrosslÏeld-Kunze, 1985; Chuah et al., l')') 1; Chaplcr 2). Brielly, bolh MAbs arc

known to bind to different epitopes on the surface of aslroeytes. The MAb 6C6 sen'ed

as a control antibody in ail funclional assays, since it does not have an clTeel on

neuron-astrocyte adhesion (Chapter 2). The MAb J022, shown previously to be a

chick-specific anti-illlegrin antibody against the {JI subunit (Horwilz et al., (984), was

used as a control antibody in immunoprecipitation experiments.

CcII Cultures

(i) Dissociated cultures: Cerebellar cortex from Sprague-Dawley rais at 1'7 were

dissociated into a single-ccII suspension. The dissociation was carried out as described

previously (David, 1988). Brielly, the eerebella, freed of ail meninges and major

blood vessels, were cut into pieces and incubalcd with 0.125% trypsin (Sigma) for

20 minutes at 37°C. The tissue was subsequently treated with trypsin inhibitor

(0.05 mg/ml) and DNAase (0.04 mg/ml, both l'rom Sigma). Dissociated cells were

washed and plated on coverslips that were pre-lreated with l'LL (5 Ilg/ml, Sigma) at

a density of 1.2-1.4 x lOs cells/coverslip (13 nllll diameter, Fisher Scientific) in

DMEM supplemented with 1% MEM-vitamin (Oibco), 1% penicillin/streptomycin

(Gibco), 10% FBS (Gibco), and 10% horse serum (Oibco). Aner a 24 hour incubation

period in a humid atmosphere of 5% CO2 at 37"C, astroglial process extension and the

association of neurons WiUl radial glia were observcd by immunocytochcmistry.

For developmental changes in the expression of the 1A1 antigen in the

developing rat cerebellum, 8-10 x 10" cerebellar cortical cells were plated onto l'LL

coated glass coverslips as described above and used for MAb 1A1 immuno-
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cytochemistry afler 1 day in vitro. This culture period was required for the full

morphologieal differentialion of the elongated aSlroglia.

(ii) Exp/alll cultures: Cerebella taken l'rom 1'7 rats were disseeled, c1eaned as

described above, and CUI illlo pieces. The tissue was forced lhrough a melal mesh

(porc size '" 700 /lm) Wilh lhe plunger of a 1 ml syringe. The lissue pieces were lhen

washed 3 limes in cullure medium (DMEM containing 5% FBS) by sedimentalion al

room temperalure in a 15 ml Falcon lube. The tissue pieces were transferred to a petri

dish (35 mm diameter) conlaining media and platcd onto PLL-coaled glass coverslips

(15 mm diameler) using a fire-polished pipette. Six to eighl similar-sized explants of

ahoul 6UU-7UU /lm in diameler werc placed on cach coverslip. Aboul 12 hours aftcr

plaling, lhe media was changed 105% FI3S conlaining Fab fragmenls of MAbs lAI

and 6C6, or no anlibodies. The cullures were mailllained in a 5% CO2 incubalor al

37°C for 3 addilional days, afler whieh lhey were fixed and processed for

immunocylochemislry.

Immunocytochemistry

Cullures were labeled eiUler WiUl Ule MAb 1A1 or Wilh anlibodies againsl

neurofilament proleins or GFAP (dissocialed and explanl cultures). Dissocialed and

explanl culIures of Ule neonalal raI cerebellar cortex were fIXed afler 24 and 82 hours

in vitro respeclively, firsl WiUl 4% paraformaldehyde in 0.1 M phosphale bul'fer

(pli 7.2) for 15 minules al room lemperalurc, followed by 5% acelic acid in elhanol

for 30 minules al-20°C. For lAI cell surface labeling, cultures were incubated with

antibodies (MAb lAI) prior to fixalion. A monoclonal anli-NF anlibody (RT97,

diluled 1:1000, oblained l'rom Dr. J.N. Wood, Sandoz, UK) was used 10 idenlify

neurons and a polyclonal anli-GFAP anliserum (diluled 1: 1000, oblained l'rom Dr.
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M.C. RaIT, UCL, UK) was used to identify radial glia. Ali antibody incubations were

earried out for 30 minutes at room temperature cOlllaining 1% NGS. The bimling of

MAbs was visualized with a rhodamine-conjngatcd goat anti-Illonse IgG (Cappel.

1:200), while a Ouoreseein isothioeyanale-coupled goat anti-rabbitlgG (Cappel, 1:4(0)

was used to visualize polyclonal antibodies. ln the last antibody incubaiion step, the

tluoreseent dye Nuclear yellow (0.001 %, Iloechsl S769121) was addcd in onler 10

visualize the nuclei. Slained cultures were lllonlllcd with glyccrol in 0.1 M sodinm

bicarbonate bul'fer (pH 9.0) and viewed with a l.citz Ortholux tluoresccncc microscope

equipped with N2 (rhodamine), L2 (Ouoresccin) and D (Nuclear yellow) tïllers.

Neuron-Bergmann Glial Binding Assay

1'7 dissociated rat cerebellar cortical cells were plaled in the presence or absence of

antibodies at a density of 1.2-1.4 x lOs cclls/coverslip. This plating density yiclded an

average of seven to eight neurons interacting with eadl Bergmann glia in colllroi

cultures, when examined artel' 24 hours in vitro. Following the 24 hour incubalion,

cultures were fixed and immunostained with anti-GFAP antiserum and Nuclear yellow,

and the number of neurons attached to each Bergmann glia was eSlimated. Neurons

were identified by immunostaining with anti-NF alllibodies. In the developing rat

cerebellum at this age, the majority (> 90%) of these neurons are likely to be small

granule eells « 10 /-lm diameter) as shown previously (Hatten, 1985, (987). Other

types of cerebellar cortical neurons include stellate cells, which are similar in size 10

granule cells; however, they are born laler during development (Altman and Bayer,

1978). Similarly, it was ruled out that the counts or neurons on Bergmann glia

comprise the large cerebellar cortical neurons, i.e., Purkinje cells and Golgi cells. The

l'est of the small pale and basket cells most likely constitute less than 5% of ail
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ccrcbcllar cortieal ncurons at 1'7. Initially, quantification of cell cultures was done

using both phase-contrast and fluorescence opties. Since no differences were found

usiug these two techniques, suhsequcnt COlllltS were madc using Nuclear yellow and

anti-GFAI' labcling. A Leitz camera lucida drawing tubc was used to trace the length

of GFAP' elongated Bergmann glial cells. The number of small, rounded cells

cOl1lacting these Bergmann glia was estimated using the Nuclear yellow labeling.

13etween 60 and 150 radial glial cells wcre countcd per experiment on two ta lIuee

coverslips. The camera lucida drawings were then analyzed using a Zeiss !BAS-l

image allalysis system.

Granule CcII Migration Assay

Cerebellar microexplants from 1'7 rats were prepared as described above and grown

in DMEM containing 5% FBS for 84 hours at 37°C in a humid 5% CO2 atmosphere

with or without antibodies. The cultures wcre topped every 24 hours with 25 III of

fresh medium containing appropriate antibodies. Later they were fixed and incubated

with alllibodies against GFAP, NF, and Nuclear yellow as described above. The

extent of cell migration was estimated by counting the small neurons attached onto

GFAp· cells in four areas located at right angles to each oliler at lI1e periphery of each

expiant. Cell counts were done using a 40x objective lens, will1 a grid in the eye piece

1IIat measured an area of "" 0.025 DUn2
• The area containing GFAp· cells and 1IIe

number of neurons were estimated. The mean number of neurons was calculated for

each expiant from four readings. Twenty six to thirty five explants were evaluated in

1IIree separate experiments. OlÙY explants of 600-700 f.lm were quantified. The

percentage inhibition of neuronal migration was calculated as the mean number of

neurons in explants of control cultures minus 1IIe mean number of neurons in cultures
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treated with MAb 1A1 divided by the mean numher of neurons in control cuhures.

multiplied by 100.

Immunoprecipitation and SOS-!'AGE

NP-40 extracts of rat cerebellar tissue were obtaincd from various age groups (Pl,

PlO, P20 and P35) and used for immunopreeipitation essentially as described in ehapler

2. Briefly, 1 ml aliquots of crude membranes were diluted to a final concentration of

1 mg/ml in ice-cold solubilization buffer (150 mM NaCl, 20 mM Tris, 0.5% NI'-40.

0.02% NaN" pH 7.6), containing 1% (vol/vol) aprotinin, soybean trypsin inhibitor

(50 /tg/ml), phenylmethylsulfonylfluoride and N-ethylmaleimide (botll at 5 mM), and

leupeptin and pepstatin (botll at 1 /tg/ml). l'roleins were thcn incubated with pre

swollen Sepharose-protein A beads (Pharmacia) for 3 hours at 4oc with gentil' shaking.

To remove Sepharose-protein A beads, the samplcs were centrifuged for 2 minutes in

an eppendorfmicrocentrifuge and pellets were discarded. The pre-cleared supernatants

were mixed with 10 /tg of MAb 1A1 or MAb JG22 for 2 hours, followcd by an

overnight incubation with 100 /tl of Sepharosc-protcin A beads. Both stcps wcre

carried out al 4°C wiili shaking. Beads were washed 7 limes with NET buffer

(ISO mM NaCI, 50 mM Tris, 0.1 % NP-40, 0.25% gelatin, 0.02% NaN" pH 7.6)

conlaining prolease inhibitors, and tllen resuspended in 30 /tl SDS-sample buffer

containing 0.1 M ditllioilireitol (Sigma). The sampies were placed in a boiling bath for

5 minutes after which I/lOth of each sample was loaded onto a 7.5% SDS-I'AGE

prepared by ilie meiliod of Laemmli (1970). The rest of ilie samples were stored at

-70·C. Gels were stained wiili a silver-staining procedure as described by Morrissey

(1981). Molecular weights were estimated on the basis of the following markers:

myosin, 200 kd; (3-galactosidase, 116 kd; phosphorylase (3, 97 kd; bovine serum
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albumin, 66 kd; and ovalbumin, 45 kd (Biorad).

3.3 Results

Expression of lAI Antigen on Bergmann Glia

ln primary dissociated cultures of neonata\ rat ccrebellar cortex, GFAP+ slender,

c10ngated cells showed inlense surface labeling Wilh MAb lAI (Figure 3.1, A and B).

Based on lheir morphology, these astrocyles are likely 10 be Bergmann glia that

mcdiale ncuronal migration during devclopmcnl tRakic, 1971; Hallen el al., 1984).

Neurons in these cultures did not express lA 1 as reported in chapter 2.

Developmental Regulation of lAI Antigen in the CerebelluIII

Immunoprecipitations with MAb lAI were carried out to analyze the changes in lAI

antigen during postnatal development of the rat cerebellurn, using membrane

preparations of the cerebellum from Pl, PlO, P20 and P35 rats. Similar amounts of

soluble protein concentrations of the membrane preparations were used for

immunoprecipitations. A 135 kd band was seen in iminunoprecipitates obtained with

MAb lAI in ail four developmental age groups. Densitometric analysis of the gels

indicated about a 2-fold increase between Pl and P20 followed by a decrease to the Pl

levels at P35 (Figure 3.2). Whether this difference represents an actual change in the

expression of lAI molecule on BergmaIUl glia or on the other flat type-l astrocytes of

the cerebellum cannot be known from these experiments. In order to address this

question more direclly, the number of 1A1+ Bergmann glia was estimated in primary

dissociated cultures of the rat cerebellar cortex at two developmental ages. Dissociated

cerebellar cortical cultures were obtained from Pl and P7 rats, and labeled with MAb

lAI 24 hours later. This length of culture period was required to obtain glial ceUs
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with a well-defined elongated morphology. About 33 % of Ulese Bergmann glia were

lAI + at PI, as compared to 78% at 1'7 (Figure 3.3). Labeling of 13ergmann glia in

dissociated cultures of cerebella l'rom older rats eould not be studied beeause of the

difficulty in obtaining good cell dissociation at the older postnatal ages.

The MAb lAI Inhibits Neuron-8ergmuun Gliulllinding in Dissociutcd Cultures

Since cell-cell adhesion is thought to play an important role duriug migration, the clTeet

of the MAb lA 1 on the binding of neurons lo 13ergmann glia was assessed.

Dissociated ccrcbcllar eclls l'rom 1'7 raIs were plaled al variolls densities ranging l'rom

0.5-2.0 x lOs cells per coverslip. A plating densily of 1.2-1.4 x lOs cells resulled in

an average of seven to eight neurons being associaled wilh eaeh 13ergmann glial-Iikc

GFAP+ cell in control cultures (see Figure 3.4). Fab fragments of MAbs lAI and

6C6 were added to such cultures at Ule time of plating, and Uleir effect on neuron-glial

binding was analyzed by immunocylochemislry after 24 hours. Neuron-gtial

interactions were quantitated by measuring the lenglh of Ule GFAP+ Bergmann glial

cells by means of a camera lucida and by counting lhe number of neurons Ulat were

directly associated witll tIlese glia. The mean number of small cerebellar neurons

interacting witll tlle Bergmann glia decreased by "" 50% in tlle presence of 1A1

antibodies (Fab fragments at 500 /Lg/ml) as eomparcd lo control antibodies (Table 3. 1

and Figure 3.5, A). Sister cultures were double-Iabeled witll anti-NF antibodies to

confirm tIle neuronal phenotype of tlle cells aUaehed lo the elongated astroeytes (data

not shown). Based on tlleir size and nuclear morphology, these GFAP-INf+ cells are

most likely to be granule cells which constilute the majority of tIle cerebellar neurons

at tIlis age (Altman, 1972; Hatten, 1985). Since the Bergmann glia vary in length

considerably in tIlese cultures, tIle number of neurons auached to a 100 /Lm length of
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Bergmallll glia was ealculateù. Using sueh ail estimation, there was a 48% inhibition

in the number of neurons atlaeheù to a 100 ~m length of Bergmann glia in cultures

growlI in the presence of the MAb 1A1 (Table 3.1). In control cultures, the lenglh of

the Bergmann glia varieù from about 50 to 200 ~m. The inhibition of neuronal

aùbesion to Bergmann glia by MAb 1AI occurreù regardless of the size of the

Bergmann glia (Figure 3.5, A). When the lcngths of the Bergmann glia were plotleù

in a frequency histogram. it beeame eviùent that the MAb lA 1 inùuceù an increase in

the number of Bergmann glia shorter than 100 ~m in length (Figure 3.5, B). These

results suggest that the length of Bergmann glia is inl1uenceù by the nwnber of granule

cells bounù to it.

The MAb tAt Inhibits the Migration of Cerebellar Neurons in Microexplant
Cultures

The influence of MAb 1A1 on neuronal migration in microexplant cultures prepared

from P7 rat cerebellwn was tested as previously described (Fischer et al., 1986). In

this assay, migration of granule cells occurs over a period of 3 days in vitro (Fischer

et al., 1986). The effects on neuronal migration was therefore assessed after 3 days

following the addition of lAI and control MAb 6C6. or no antibodies (see Figure 3.6).

Similar sized explants (600-700 ~m in diameter) were analyzed for each experimental

group. Neuronal cell counts were made in four areas (each ." 0.025 mm2
) located at

right angles to each other at the periphery of each expIant. Areas not occupied by

astrocytes were excluded from these measurements. Using these criteria, Ulere was

about a 60% decrease in Ule number of neurons that had migrated out to the periphery

of Ule explants cultured in Ule presence of MAb 1A1 (Fab fragments at 500 ~g/ml) as

compared ta those of control cultures (Figure 3.7).
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3.4 Discussion

The lAI Antigen Mediates Neuron-Bergnmnn Glial Adhesion

Elongaled, slender astrocyles, Ihe l3ergmann glia, have been shown III Sllpplll'l Ihe

migralion of eerebellar granule cells during devclopment, bolh in vivo (Rakic, 11)71)

and in vitro (Hatten et al., 1984; Hatten, 11)1)0; Fishell and Hatten, (1)1) 1). IL was

shown previously Umt the MAb lAI binds to the surface of flattype-l astrocytes and

Bergmann glia, but not to neurons or to oligodendrocytes (Chapter 2). In lhis sludy,

Fab fragments of MAb lAI induced about a 50% inhibition in neuronal adhesion 10

elongated Bergmann glia in dissociated cultures of 1'7 rat cerebellar cortex. The

molecule recognized by Ule MAb lA l, therelore, contributes to Ule binding of

cerebellar neurons to Bergmann glia. These Iindings are also eonsislent with the

previous findings that the MAb 1A1 blocks the adhesion of neurons to monolayers of

llattype-I astrocytes purilied l'rom the neonalal ral cerebral cortex, but has no elrecl

in neuron-neuron adhesion (Chapter 2). These observations suggest that the 1A1

molecule mediates neuron-glial adhesion via a heterophilic-binding mechanism.

ln dissociated control cell cultures, the Bergmann glia were found to range in

lengtll between 50 and 200 pm. The inhibition of neuronal attachment to Bergmann

glia by tlle MAb lA 1was seen witll Bergmann glia of ail lengths. Glial differentiation

in vitro is known to be regulated by contact with other glia, or WiUl neurons or their

membranes, suggesting tllat tlle cellular signal(s) involved is membrane-mediated

(Hatten, 1985, 1987; Hatten and Shelanski, 1988; Culican et al., 1990). In the case

of heterotypic neuron-glial contact, in cultures of 1'3-4 mouse cerebellum a neuron to

astrocyte ratio of 3: 1 is needed to induee changes in astroglial morphology l'rom flat

to stellate, process-bearing (Hatten, 1985). In addition, interactions with neurons
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inlluencc the dcvelopmcnt of the maturc cytoskclctal composition in radial glia in

cultures of EI3 mouse cerebral cortex (Culican et al., 1990). Consistent with thcse

rcports, it was found that Bcrgmann glial dilTcrcntiation is influenced by contact with

ncurons. The Iindings indicate that the MAb IAI-induced decrease in the adhesion of

neurons to Bergmarul glia also results in an increase in the nwnber of Bergmann glia

that are shorter than 100 !Lm, as compared to control cultures. The data also indicate

that four to live neurons pcr Bergmann glial ccli arc required to achieve a Bergmann

glial length of 100 !Lm or greater.

The lAI Antigen Mediates Neuronal Migration Along Bergmann Glia

'1'0 examine whether the timing of 1A1 antigen expression in vivo coincides with the

developmental period of granule cell migration along radial glia, immunoprecipitation

was carried out using membrane extracts l'rom l' l, l'10, 1'20, and 1'35 rat cerebellwn.

There was about a 2-fold increase in the amount of 1A1 antigen between l'1 to 1'20,

followed by a reduction to the l'1 level at 1'35. However, it is not possible to know

l'rom the immunoprecipitation data whether the developmental i!lcrease in lAI in the

cerebellum between l'1 and 1'20 reflects changes in the expression of this molecule by

fiat type-I astrocytes or BergmaIm glia. The latter would be expected to occur if the

1A1 antigen plays a role in neuronal migration along BergmaIm glia. ln fact, the

immWlofluorescence labeling studies confirmed that there was about a 2.5-fold

increase, l'rom 33% to 78%, in Ule number of Bergmann glia Ulat are lAI + between

l'1 and 1'7. Therefore, the 1A1 aIltigen is present at the appropriate tÎllle to be

involved in the migration of granule cells along BergmaIm glia in vivo.

The adhesion assays discussed earlier indicate that Ule lAI antigen mediates Ule

binding of neurons to Bergmann glia. Adhesive meChaIlisms have been shown
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previously to be involved in the migration of granule cells along llergmann glia

(reviewed by Chuong, 1990; Fishell and Hatten, IYYl; Husmann et al., IY92). In the

present experiments, the effects of the MAb 1A1 were examined on the behavior of

migrating neurons along radial glial processes in microexplanl cultures of the 1'7 rat

eerebellum. ln this expiant model, neurons migrate l'rom the center of the explants 10

the periphery. Therefore, the maximal effect on the inhibition of neuronal migration

was expected to be seen in the peripheral regions of Ihe explants. In lhis funclional

assay, the MAb 1A1 induced about a 60% dccrease in the number of ncurons lhal

migrate out to the periphery of the expiant, as compared to control cul turcs (no MAb

or 6C6-treated cultures).

The migration of neurons is likely to depend on complex interactions involving

various CAMs (Lindner et al., 1983, 1986b; Anlonicek et al., 1987; Chuong cl al.,

1987; Lehmann et al., 1990; Fishell and Hatten, 1991; Streit et al., 1993), ECM

moleeules (Hatten et al., 1982; Liesi, 1985; Chuong et al., 1987; O'Shea et al., 1990;

Husmann et al., 1992; Liesi et al., 1992), adhesion inhibitors, and proteolytic enzymes

(Moonen et al., 1982; Lindner et al., 1986a), ail displaying differential spaliotemporal

expression patterns in the developing brain. In order to understand lhis muIli

molecular mechanism of neuronal migralion, cellular inleractions have been perturbcd

using antibodies against various molecules al different developmental stages. The

evidenee available at present suggests that these molecules are Iikely to innuence

different stages in the process of neuronal migration (reviewed by Chuong, 1990).

There are at least two major stages in cerebellar granule cell migration lhal

occur postnatally in rodents. These involve the migration of post-mitotic neurons in

the EGL just before their entry into the molecular layer (ML), followed by rapid
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migration of granule eells from the EGL through the ML along the proeesses of

13erglllann glia into the IGL. Different in vitro assays have been used to study granule

ccli migration; these include dissociated and microexplant cultures, as weil as tissue

slice preparations. For instance, by applying limctional blocking antibodies to inhibit

ccli adhesion in tissue slices, it was shown lhat the ccli adhesion molecules Ng-CAM

and LI function in the early stages of granule cell migration, Le., within the EGL

(Lindner et al., 1983; Chuong et al., 1987). Bath Ng-CAM identified in chieken

(Grumet et al., 1984a) and LI identitïed in the mouse (Faissner et al., 1984) are

known to be present on post-mitotic neurons. Antibodies to these adhesion moleeules

lIlight, therefore, inlluence granule cell migration by inhibiting mainly neuron-neuron

adhesion within the EGL where Bergmann glia are absent. Using similar tissue slice

preparations, N-CAM, which promotes bath neuron-neuron and neuron-glial adhesion

(Keilhauer et al., 1985), had a small effeet mainly in the early phases of granule eell

migration showing only a 13% inhibition as cOlllpared ta polyclonal anti-LI antibodies

which showed a 33 % inhibitory effeet (Lindner et al., 1983, 1986b; Chuong et al.,

1987). A gliallectin along with one of its neuronal ligands (LeluuaIm et al., 1990) aIld

the ECM molecule Ulrombospondin (0'Shea et al., 1990) also influence granule cell

migration wiUlin Ule EGL. Inhibition of about 50% and 40% respectively, was

observed WiUl polyclonal aIltibodies against the lectin and U1I'0mbospondin using tissue

slice preparations (Le11l'l1aIll et al., 1990; O'Shea et al., 1990).

ln contrast to Ule molecules known to infiuence granule cell migration U1I'0ugh

the EGL which lacks B(;rgmaIm glia, Ule ECM molecules, tenascin!cytotactin (Chuong

et al., 1987; Husmann et al., (992) and astrochondrin (Streit et al., (993), and lie

neuronal cell surface 1110lecule, astrotactin (Fishell and Hatten, 1991), have been
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reporled 10 play a major role inneuronalmigralion along Bcrgmann glia inlissuc slicc

or dissociated ccII cullures. Whcn tissuc sliccs wcrc lrcatcd wilh allli-cylolactin

anlibodies, only 30% of granule eells lhat had cnlcrcd lhc ML aClually migralcd down

to the IGL as compared with 81 % in colllroi cul turcs (Chuong el al., 1987). Using a

differelll in vitro assay syslem, lhe addition of polyclonal anli-astrolaclin antibllllics to

dissocialed cerebellar cortical cultures was shown 10 rcducc the mean rate of ncuronal

migration along Bergmann glia by 61 % (Fishell and Hallcn, 1991). Earlier studics

have also shown that antibodies against cytotactin as weil as astrotactin block ncuron

glial binding in vitro (Grumet et al., 1985; Edmondson ct al., 1988). 110wcvcr, a

recent report indieated that cerebellar histogcncsis appeared 10 be normal in nnllanl

mice with a knock-out of the tenascin gene (Saga ct al., 1992). Thc reasons for lhc

lack of obvious phenotype in these mice is not c1ear, but may be duc tO redutlliancics

built into the adhesive systems mediating migration. Hatten and her colleagues furthcr

showed that antibodies against N-CAM, LI, and N-cadherin did not have any clTcct

on the binding of cerebellar granule cells or their membranes to primary cullures of

P2-4 mouse eerebellar glia (Stitt and Hatten, 1990) and on granule cell migration along

Bergmann glia in dissociated cell cultures (Fishell and Hallen, 1991). Thesc findings,

therefore, provide additional evidence Umt N-CAM and LI are not likely to be

involved in the later stages of granule cell migration from Ule EGL to Ule IGL along

Bergmann glia. These investigators a1so showed that (3, integrins do not play a role

in granule cell migration along Bergmann glia (Still and Hallen, 1990; Fishell and

Hatten, 1991). However, there is conflicting evidence as to the role of the ECM

molecule laminin in influencing such migration (Ântonicek et al., 1987; Liesi et al.,

1992). A recenlly eharacterized chondroitin sulfate proteoglycan (astrochondrill),
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isolateu l'rom the murine CNS (Streit el al., 1990), was shown to be involved in

cerebellar granule ccli migration (Streit et al., 1993). Polyclonal antibouies to

aSlrochonurin inhibiled granule cellmigralioll hy 28% (Streil et al., 1993). In addition

to these auhesion molecules, several other molecules. such as a protease inhibitor, glia

ueriveu nexin (Linuner et al., 1986a), the plasminogen activator-plasmin system

(Moonen et al., 1982), have been reporteu 10 regulate granule cell migration.

Monoclonal antibouies to AMOG, a homologue of the (3 subunil of the Na,K-ATPase,

have al~o been reporteu to block glial-guideu neuronal migration by 36% (Anlonicek

et al., 1987; Gloor et al., 1990).

Taken together, the previously publisheu antibody perturbation experiments

inuicate that the ECM molecules, tenascin/cytotactin anu astrochondrin, and the

neuronal surface molecule, astrotactin, are the main auhesion molecule candidates

involved in neuronal migration along Bergmann glia. ln this chapter, evidence is

provided for a Bergmann glial cell surface molecule with adhesive properties,

recognized by Ule MAb 1Al, Ulat also meuiates neuronal adhesion and migration on

Bergmann glia in vitro. In addition, the changes in the expression of this molecule in

the developing cerebellum is consistent with il having such a role in vivo.
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Figure 3.1 Double-immunonuorescence labelil1g with MAb 1A1 (A) and polyclonal

anti-GFAP (B) in a dissociated cell culture of neonatal rat cerebellar cortex after

24 hours in vitro. The GFAP+ Bergmann glia (B) shows punctate cell surface labeling

with MAb lAI (A). Bar, 25 !-lm.
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Figure 3.2 Silver-staining after reducing SDS-I'AGE (7.5%) of inullunoprecipitates

obtained with MAb 1A1 (lanes 1 to 4) using membrane preparations of postnatal day-l,

-10, -20 and -35 rat eerebella, respectively. The relative percentage value of each band

obtained from densitometric readings is shown in the lower pane\. These results

indicate that the amount of the lAI antigen increases between PI and 1'20 followed by

a reduction at 1'35.
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Figure 3.3 Percentage of lAI +/GFAP+ Berglllann glia in primary cullurcs of thc PI

and 1'7 rat cerebellar cortex. Oissociated cerebellar cortical cells were used aftcr

24 hours in vitro. Each value represents the Illean ± 50 of 3 experimcnts. For each

experiment between 100-350 cells were counted on 2-3 coverslips. There is about a

2.5-fold increase in the nUlllber of lAI + Bergmann glia between PI and 1'7.
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Figure 3.4 Double-inununolluorescence labeling ofmixed cultures of lhe 1'7 cerebellar

cortex, labeled wilh MAb lAI (A) and polyclonal anli-GFAP (B) afler 24 hours in

vilro. The elongaled lAI + cell (A) which is also GFAP+ (B) is idenlilied as a

Bergmann glia. The 1AI-/GFAP- neurons allachcd lo lhe Bergmann glia are visualizcd

wilh Nuclear yellow (C). Bar, 25 /lm .
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Figure 3.5 (A) The mean number of neurons associaled WiUl Bergmann glia of

various lengUlS in dissocialed cullures of 1'7 cerebellar corlex. Cullures were

mainlained for 24 hr in vitro in lhe absence or presence of MAb 1i\ 1 or conlrol

anlibodies (Fab fragmenls al 500 /lg/ml). The hislograms inelude values l'rom 2

independent experinlents. A signifieanl inhibilioll of neuronal adhesion 10 Bergmann

glia by MAb 1A1 is observed WiUl Bergmann glia of ail lenglhs as compared 10

conlrols. Friedman's two-way ANOVA was carried out 10 assess slalislical difrcrences

(p < 0.01). (B) The frequency dislribution of Bergmann glia lenglh. Nole Utal in

cultures treated wiili MAb lAI (Fab fragmellls al 500 /lg/ml), Ulere is an increase in

ilie number of Bergmann glia shorter Ulan 100 /lm in lengili as compared 10 conlrol

cultures (6C6-treated or untreated). Significance values were assigned using a Chi

squared analysis (p < 0.001).
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Figure 3.6 Double-inununol1uorescence labeling of 1'7 cerebellar microexplanl cullure

aner 3.5 days in vilro, wiLh MAb 1A1 (A) amI flll1yclonai anli-GFAI' (B). The same

field is labeled with Nuclear yellow in (C). The lAI +/GFAP+ radial Bergmann glial

like ceUs have extended out of the core of Ihe expiant. The IAI-/GFAI'- neurons,

which are visualized here with Nuclear yellow slaining (C), have migraled from Ihe

core to the periphery of the expiant. For each microexplant, cell counts were maùe

from 4 readings obtained at right angles to each olher. This expiant is smaller Ihan Ihe

ones used for quantification. This was chosen so as 10 ilIustrate both Ihe core anù Ihe

periphery of the expiant. Bar, 25 /lm.
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Figure 3.7 The number of neurons Umt have lIligraled ouI to Ule periphery or lhe 1'7

cerebellar microexplams after 3 days in vilro. Alllibodies at 500 /Lg/llll were added

12 hours after plating. The numbers in parenlhesis indicale Ule number or explanIs

evaluated in 3 separate experiments. Each value represenls lhe mean ± SD. A 60%

inhibition in neuronal migration is seen in cullures lreated WiUl MAb 1A1as cOlllpared

to control cultures treated WiUl MAb 6C6. Sludent's t-test was used 10 assign

significance 1evels; * = p < 0.001
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Table 3.1 The number of neurons allached pel' 100 Itl1l length of c10ngated GFAI"

Bergmann glia was estimated in dissociated cultures of Ule 1'7 ccrebellar cortex

24 hours afler plaling. In Ule presence of MAb 1Al, there is a signiticant reduction

in the allachment of neurons to Bergmann glia as r '''Ipared to cultures grown in the

presence of control antibodies 6C6. Each value represellls Ule l1lean ± SD with coulllS

made l'rom duplicate coverslips. The nUl1lber of experiments is indicated in

parenUlesis. Studenl's l-lest was used to assign signiticance levels; a = Ilot

significantly different l'rom control cullures, b = P < 0.05. Percentage inhibition is

Ule difference in cell allachment compared to .'iC6 colllrols.
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Antibody (pg/ml)

NEURON - BERGMANN GUA BINDING

Number of neurons per

100 Mm glia length

Percentage of

inhibition

•

None 7.85 ± 2.15 (3)'

6C6 Fab (500 pg/ml) 7.47 ± 1.67 (3)

(250 pg/ml) 7.52 ± 1.23 (2)

(100 pg/ml) 7.48 ± 1.78 (2)

lAI Fab (500 pg/ml) 3.90 ± 0.64 (2)b 47.8%

(250 pg/ml) 3.94 ± 1.12 (3)b 47.6%

(100 pg/ml) 6.60 ± 0.54 (2)' 11.8%
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Chapter 4: The illvo[ve/llent of the [A [ /Ilo/eeu/e in /epto/llenil1gea/ œil
lIctllesioll li/let et!J.jrel·elllillli()/1

4.1 Introduction

Cell adhesion molecules play an important role in el11bryonic developl11elll and

lllorphogenesis and display unique spatiotemporal pallerns of expression. In the

nervous system, the expression of 1A1cell surface molecule wilh adhesive properties

was found to be restricted to subpopulations of astrocytes, namely the tlat type-I

astrocytes and Bergmann glia (Chapters 2 and 3). As mentioned earlier in Chapter 2,

1I1e lAI antigen is also expressed in contluent cultures of non-neural cells of

mesenchymal origin (Ieptomeninges and Iibroblasts). Intense 1A1+ immuno-

tluorescence labeling was found on neonatal rat Icptomcningeal cells only when these

cells were cullured to conlluency. The expression of 1A1 on leptomeninges therefore

differed from that on astrocytes. The laller cclls express the 1A1 antigen regardless

of Ule density of the culture. ln Ulis study, experiments were done to identify the

factors Ulat control Ule expression and synthesis of 1A1antigen in cultures of neonatal

rat leptomenîngeal ceUs.

Little is known about leptomeningeal histogenesis. Although a subject of sorne

controversy (Gil and Ratto, 1973), very early studies by Farrer (1907) and more recent

studies by Angelov and Vasilev (1989) indicate that Ule leptomeninges develop from

an embryonic network of connective tissue-forming ceUs. The leptomeninges consist

of the araclmoid mater and pia mater, which along willl the dura mater coyer the

surface of Ule CNS. The pia mater forms a membrane tllat is very closely associated

wiUlthe surface of Ule CNS, and is separated from it by a basal lamina (l'eters et al.,

1991). Under Ule electron microscope, the leptomeninges are made up of flat,
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polygonal cclls with varying amounts of collagen and elastic fibers (Peters et al.,

1(91). Leptomeningeal cells also show charaCleristic staining for various ECM

molecules, such as fibronectin, laminin, and lenascin (Rutka et al., 1986; David, 1988;

Esiri and Morris, 1991; Ajemian et al., 1994; Chapter 2). The adhesive interactions

that underlie the development of the sheet-like leptomeninges has not been studied

previously. 1have shown using antibody blocking experiments that Ule lAI molecule

mediates neuron-astrocyte and astrocyte-astrocyte adhesion in vitro. Similar functional

assays were carried out in order to determinc whcthcr the 1A1molecule also functions

in cell adhesion between leptomeningeal cells. In addition, Ule developmental changes

in the expression of 1A1 Illolecule in vivo and in vitro were exalllined bOUl by

immunocytochemistry and illlmunoprecipitation. In addition to providing a protective

fibrous tissue capsule enclosing Ule CNS, Ule proper development and maintenance of

the leptomeninges may also be essential for the proper development and foliation of Ule

underlying CNS tissue (Pelùemann et al., 1985; Hartmatm et al., 1992).

4.2 Materials and Methods

Antibodies

The following antibodies were used for imlllunocytochemicai analysis. Hybridoma

cells secreting Ule MAb 1A1were generated as described in Chapter 2. Two cell-type

specifie rabbit polyclonal antibodies were used to distinguish flat astrocytes from

fibroblast-like leptomeningeal cells. Polyclonal anti-GFAP antiserum (diluted 1:1000,

obtained from Dr. M.C. Raff, UCL, UK) was used for Ule identification of astrocytes

and anti-FN atltiserum (diluted 1:200, obtained from Dr. R.O. Hynes, MIT,

Massachusetts) was used to identify leptomeningeal cells. The monoclonal antibody
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MRC OX-43 (Serotec) was used to label the surface of endothelial cells.

For the functional assay both MAbs 1Aland Ran-2 were used, the laller served

as a control antibody. Hybridoma cell line prmlllcÎng MAb Ran-2 was oblained from

the American Type Culture Collection (ATCC No. TI B 119; Rockville, MD). Ran-2

antibody has previously been shown to bind 10 viable astrocyles, ependymal cells,

Müller cells, leptomeningeal cells and non-myelin-Ilmning Schwann cells (Barllell et

al., 1981, Mirsky and Jessen, 1984). Isolation of IgG from ascites l1uid and the

production of Fab fragments from lA 1 and Ran-2 antibodies by papain digestion is

described in Chapter 2. Fab fragments were dialyzed and fil1ered through O.22-!!m

filters (Millipore) prior to their use in the funclional adhesion assays.

The MAb JG22 producing myeloma cells were obtained from Dr. S. Carbonetto

and used as a control in immunoprecipitation experiments. JG22 antibody has

previously been shown to recognize an epitope on avian integrin {3, subunit (Horwitz

et al., 1984).

CeU Culture

Primary dissociated cultures of leptomeninges were obtained from neonatal and adult

Sprague-Dawley rats as described previously (Noble et al., 1984). The leptomeningeal

tissue covering the surface of the cerebral cortex was dissected out and incubated for

30 minutes at 37°C in Ca2+, Mg2+-free Hank's balanced salt solution (IIBSS)

containing 0.125% trypsin (Sigma) or a combination of trypsin (0.125%) and

coUagenase (0.025%, Sigma) for the dissociation of adult leptomeninges. After

neutralizing the trypsin, cells were dissociated in the presence of DNAase (0.04 mg/ml,

Sigma) by trituration through a tire poIished Pasteur pipette, centrifuged, and plated

on 13 mm round glass coverslips or in 1'-75 tissue culture flasks coated with PLL
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(5 ",g/ml, Sigma, 300,000 MW). Primary cultures of neonatal leptomeninges were

sccucu Ol1to coverslips at uiflcrent uensitics (U.75 x 10' or 3 x 10') and labelcd \Vith

MAb 1A1after various days in vitro (DIV). Iligher plating densities of7.5 x 10' eells

were also tried, but aeeurate quantification of 1A1+ leptomeningeal eells was not

possible after 4 DIV sinee Ulese cells had a tendency to form multiple layers at very

high ccII dcnsities. Therefore, counts from only the low (0.75 X 10' cells/cm') and

high (3 x 10" cells/cm') density cultures were analyzed. In some experiments, PLL

treated coverslips were coated with various ECM molecules onto whieh

3 x 10' cells/cm' were plated. Such cultures were inununostained WiUl MAb 1A1after

1 DIV. Ali cultures were maintained in DMEM containing 1% MEM-vitamins, 1%

penicillin/streptomycin and 10% FBS (ail from Gibco) at 37°C in a humidified

allnosphcre of 5% CO,.

For functional adhesion assays, secomlary cultures were establisheu from

confluent leptomeningeal cultures grown in T-75 Ilasks. Cells were removed by mild

trypsinization and replated onto PLL-coated 96-well plates at a density of

5 x JO' cells/well. Cultures were used after 3 DIV when a complete monolayer was

formed.

Substrate Preparation

PLL-treated round glass coverslips were eoated overnight at 4°C wiUt 50 f.lg/ml of

laminin (BRL), fibronectin (obtained from Dr. S. Carbonetto, McGiIl University),

collagen type 1 (extracted from adult rat tail) or collagen type IV (Sigma) in ('aH,

MgH-free BBSS. Coverslips were subsequently washed 3 times with DMEM.

Freshly dissociated leptomeningeal cells from neonatal rats were plated onto Ulese

coated coverslips at a density of 3 x 10' cells/cm' and cultured for 24 hours prior to
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indirect immunolluorescence labeling with the MAil 1A1.

Indirect Immunofluorescence

Rat leptomeningeal cultures either in suspension or on Cllverslips were tirst i'lcullaled

with the MAb lAI (ascites diluted 1:500) for 30 minules at mom temperalure.

Following washing, the binding of MAb lA 110 live cclls was visualizcd by incubating

with rhodamine-conjugated goat anti-mousc IgG (llyclone, 1:200). For staining

controls, Sp2/0 myeloma ascites fluid (dilutcd 1:500) was used instcad of thc primary

antibody. Cells were then fixed and pcrmcabilizcd in 95% elhanol containing 5%

acetic acid at -20°C for 30 minutes. Thc coverslips wcre then rinscd and incubalcù

with polyclonal antibodies to GFAP or FN. This was followed by incubation with a

goat anti-rabbit secondary antibody conjugated to l1uorescein (Cappel, 1:400). All

antibody incubations were carried out at mom lempcrature for 30 minutes in MEM-ll

containing 1% NGS.

For immwlofluorescence labeling of cells in suspension with the MAb 1AI,

washing was done by centrifugation. Prior to fixation, these cells were allowed to

adhere to PLL-coated coverslips for 15-20 minutes at 37°C and then subsequently

processed for intracellular labeling as described above.

Ail cultures were labeled with Nuclear yellow (0.001 %, Hoechst S769121) for

30 seconds to label nuclei. Coverslips wcre moulllcd in bicarbonate buffered glyccrol

(pH 9.0) containing phenylenediamine (Sigma) onlo microscope slides, and viewed with

a 40x oil immersion lens on a LeilZ Ortholux fluorescence microscope equipped with

phase-contrast, and Nz filter (rhodamine), L1 fiIlcr (nuorescein) and D filter (Nuclear

yellow).
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Adhesion Assay

The adhesion of dissociated \eptomeningeal cells to monolayers of leptomeninges was

assayed as described below. Confluent cultures of leptomeninges from neonatal rats

growing in T-75 flasks were mildly trypsinized and replated onto PLL-coated 96-well

lissue culture plates (5 x lU' cells/well). Mlcr culluring these cells for 3 days to obIain

a monolayer. leptomeningeal cell allachment lu lhese monolayers was lested in a

90 minute adhesion assay with or without MAb 1AI, or control antibodies.

Leplomeningeal cells used as probe cells were labeled with DH (3 x 10-3 mM) for

1 hour at 37°C while the cells were in T-75 Ilasks. The cultures were washed

cxtensively with DMEM and cells removed by mild lrypsùlization Ùl the presence of

0.5 mM CaCI2• After neutralizmg the trypsin, cells were triturated to obtam a smgle

ccli suspension which was plated onto the monolayers of leptomeninges Ùl 96-well

plates at a density of 1000 cells/well. The monolayer cultures were pre-treated with

various concentrations of MAb lAI or Ran-2 Fab fragments, or no antibodies for

15 minutes at 37°C in a humidified CO2 incubator prior to addmg Dil-Iabeled probe

cells. Following a 90 minute incubation period al 37°C, microwells were washed weil

and then fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2) for

10-15 minutes al room temperature. Cultures were washed with PBS and viewed with

a Zeiss inverted fluorescence microscope. The number of smgle DH-Iabeled

leplomeningeal cells adhering to the leptomeningeal monolayers were counted in the

same number of fields for eaeh weil. Counts of 500-700 cells were made per

experiment from three separale wells. A total of three sueh experimenls were carried

out.
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Immunoprccipitation

Nconatal and adu\t rat leplomeninges were disseeted and ineubated in methionine-free

RPMI containing 2% dialyzed FBS for 1 homo followed hy a 7 hom incuhation wilh

50 J.lCi/ml [3'S]meUlionine (lCN). Subsequently. the culiures were chased with cold

HMCF buffer (ISO mM NaCl, 5 mM KCI, 0.5 mM Na,HPO., 5 mM glucose, 10 mM

HEpES, pH 7.4) containing 2 mM methioninc, followcd by washing by centrifugation.

Detergent solubilization was then carried out in 2 ml ice-cold solubilization buffcr

(150 mM NaCl, 20 mM Tris, 1 mM EDTA, 1mM EGTA, 1% NP-40, 0.02% NaN"

pH 7.6) containing protease inhibitors as dcscribed in Chapter 2. Immunoprecipitation

with MAb lAI and control MAb JG22 was carried out using 1 ml aliquots of labclcd

proteins in samples containing similar amounts of radioactive counts (also sec Chaptcr

3 for procedure). Briefly, Np-40 solubilized samp\es were incubated (3 hours, 4°C)

with pre-swollen Sepharose-protein A beads (Phannacia), followcd by centrifugation

to obtain pre-c1eared supernatants which were subsequently incubated (2 hours, 4°C)

WiUl 15 J.lg of MAb lA 1or MAb JG22. This was followed by an overnight incubation

at 4°C wiUl 100 J.l1 of Sepharose-protein A beads. Ali steps were carried out WiUl

continuous gentle shaking. The Sepharose-protein A bcads were collected, washed 7

times wiUl cold NET buffer (150 mM NaCl, 50 mM Tris, 0.1 % NP-40, 0.25%

gelatin, 0.02% NaN3, pH 7.6), and the predpilatcd proteins elutcd (5 minules, 100°C)

in 30 J.l1 SDS-sample buffer (10% glycerol, 50 mM Tris-HCL, 2% SDS, 0.02%

bromophenol blue, 5% ,B-mercaptoetllanol, pH 6.8) before separatillg by PAGE

according to Laemmli (1970). Sinlilar volume of protein samples were run on 7.5%

acrylamide gel and visualized by autoradiography. High molecular weight standards

from Bio-Rad Laboratories were used as marker proteins. 1'0 visualize Ule standard
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prolcins, gels wcrc swincd wilh a silver-slaining proccdure as described by Morrissey

(1981). This was followed by a 30 minute incubation in a Iluorographic reagent

"Amplify" (Amersham). Gels were subsequelllly dried and Kodak X-ray films exposed

at -70°C.

4.3 ResuUs

The 1A1 Antigcn in Lcptomcningeal Cells is Dcvelopmentally Regulated

The presence of lA 1antigen on leptomeninges of neonatal and adult rats was analyzed

by immunoprecipitation and inununocytochemistry of dissociated cell suspensions.

Western blotting or labeling of frozen sections could not be done with Ule MAb lAI

as mentioned in Chapter 2. When neonatal rat IcpLOmeninges covering Ule surface of

Ule P2 cerebral cortex was metabolically labeled in vitro WiUl pSS]meUùonine,

immunoprecipitation WiUl the MAb 1A1 did not yield any specific band (Figure 4.1,

lane 3). However, immunoprecipitation of the adult leptomeninges yielded a 135 kd

MW band (Figure 4.1, lane 4). Further evidence of changes in the expression of Ule

1A1antigen during development was obtained by immunocytochemical analysis of cell

suspensions of freshly dissociated neonatal and adult rat leptomeninges. These cells

were initially examined by labeling WiUl MAb 1A1 and Nuclear yellow (Figure 4.2).

ln contrast to Ule neonatal leptomeningeal ceUs which showed no labeling wiUl the

MAb lAI (Figure 4.2, A and B), the majority of the leptomeningeal cells obtained

l'rom adult rats showed intense lA1 inmlUnoreactivity of Ule cell surface (Figure 4.2,

C and D). Since leptomeningeal cells show intense fibronectin labeling of Ule surface,

this labeling was used to distinguish Ulese cells in suspension l'rom Ule small number

of astrocytes (which are FN") Utat may be present in these cultures. The quantification
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of the FN +/ LA L+ ceUs in neonalaL anù allult lepl\lll1eningeal ecU suspensions showell

that there were about 13% ùouble-Labeleù ceUs at 1'2 anù greater than 8U% in the allult

(Figure 4.3). These results lhereFore inllîcalell lhal 1A1 anligen expression on

LeptomeningeaL ceUs is increaselllluring ùevelopl1lent in vivo.

Since the aùuLt rat leptomeningealtissue is highly vascularizell, lhe percentage

of OX-43 +endothelial ceUs in these cullures was also examineù anll quantilïcllior 1A1

labeling. The OX-43+ ceUs maùe up approximatcly 12% of the total ccU population

in ceU suspensions of aùultlcplol1leningcs, hutless lhan 2% in suspensions of nconalal

leptomeninges. Thesc OX-43+ enùothclial ccUs wcrc IAI- anù also ùiù notlabel wilh

the anti-FN antiserum (ùata not shown).

The lAI Antigen is Detected Only in Conl1uent Cultures of Neonatal
Leptomeninges

Differences were reporteù previously in the regulalion of the lA 1 antigen expression

in vitro on ceUs derived from the neuroectoùerl1l versus ceUs of mcscnchj'mal origin,

such as leptomeningeal cells (Chapter 2). The l'Iller cells are lAI + only when grown

to confluency (Figure 4.4, A-D; also Figure 4.1, lane 1). Two factors that could

influence lAI antigen expression in these experiments are cell ùensity anù time in

culture. Therefore experiments were carried outto examine the influence of Ulese Iwo

parameters on Ule expression ofUle lAI antigen. '1'0 stuùy Ulis, Ule expression of lAI

was examined in primary dissociated cell cultures of neonatal rat leptomeninges that

were seeded at different densities and cultureù for upto 10 DIV. Two ùifferent plating

ùensities were useù: 0.75 x \0" cells/cm' (Iow ùCllsily) anù 3 x \0" cel\s/cm' (high

density). For Ulese experiments which involveù long-term cultures, ùouble-Iabeling

was performed wiUl anti-GFAP antibodies instead of antibodies against fibronectin .
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This was donc because in these long-term cultures the Iïbronectin labeling does not

remain conlïned to individual cells, but is more diiTusely distributed in matrix-like

deposits over the entire culture surface.

Primary cultures of leptomeninges obtained l'rom neonatal rats contain two

populations of flat, polygonal cells. The majority of the cells (> 90%) are the GFAP

Iïbroblast-Iike leptomeningeal cells (insert of Figure 4.5, A). These GFAP- cells were

also found to be OX-43- (data not shown), but FN' in sister cultures (Clmpter 2; also

sec Figure 4.4). Astrocytes comprise less than 10% of the cells in these neonatal

leplomeningeal cultures. The percentage of astrocytes remained between 2 to 10%

throughout the in vitro period regardless of the plating densities (insert of Figure 4.5,

B). Differences in Ule time course of lAI antigen expression were observed between

the two flat cell populations (GFAP- leptomeninges and GFAP+ astrocyte populations)

in neonatal leptomeningeal cultures. While there was a steady increase in Ule

percentage of astrocytes expressing lAI antigen in these prinlary cultures (Figure 4.5,

B), its expression in leptomeningeal cells remained constant at < 5% for upto 4 DIV

in bOUl Ule low and high cell density cultures (Figure 4.5, A). After 6 DIV in high

density cultures greater Ulan 92% of the leptomeningeal cells labeled WiUl lAI

antibodies at which time Ule cultures were confluent (Figure 4.5, A). Whereas in Ule

low density cultures, only 16% of Ule leptomeningeal cells expressed Ule lAI antigen

at 10 DIV (Ule longest time period examined). These lAI + cells in low density

cultures were always fOWld in cluster, suggesting that 1A1 antigen expression on

leptomeninges might be regulated by Ule local microenvironment and/or cell-cell

contact. In contrast to Ule GFAP- leptomeningeal cell population in Ule two density

cultures, Ule lAI expression on Ule GFAP+ astrocytes in Ulese cultures showed a
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different pattern of regulation. Although 100% of 1AI' labcling \Vas never ohserved

on the leptomeningeal cells, ail of the small numher of astroeytes in these eultures

showed intensc lAI inullunoreaetivity ancr 8 DIVal holh plating dcnsities (Figure 4.5,

B).

The lAI Antigen on Neonatal Leptol1\eninges is Reguluted by ECM Molecules

Since markcd inereases in the deposition of varions ECM 1lI0lcenies is seen in the

leptomeninges during development in vivo and in vitro, the inlluenee of some of these

matrix molecules in Ule regulation of 1A1 antigen expression in leptomcningeal eells

was examined in vitro. Dissociated neonatal leptomeninges were plated at a density

of 3 x 104 cells/cm2 onto substrates of purilïeù laminin, Iïbronectin, and eollagen types

1 and IV, and Ule percentage of lA 1+ cells examined 24 hours later. Double

immWlOfiuorescence labeling with anti-GFAI' polyclonal antibodies was again

performed so Ulat fiat astrocytes Ulat make up less than 10% of the cell population in

Ulese prirnary cell cultures could be excluded from the counts. On l'LL, only 3-4%

of the leptomeningeal cells expressed Ule lAI antigen aCter 1 DIV. l-lowever, there

was a significant inerease in Ule percentage of 1A1+ lcptomeningeal cells when grown

on the various ECM substrata. This increase was in the order of about 3.S-fold for

laminin, 4-fold for fibronectin, S.S-fold for collagen type 1and 3-fold for collagen type

IV as compared wiUl control cultures grown on l'LL alone (Figure 4.6). Furthermore,

Ule 5.5-fold increase in the number of 1A1+ leptomeningeal cells on collagen type 1

was also significantly different from the increased percentage seen on other ECM

molecules Ulat were used in Ulese experiments.
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The MAb 1A1 Inhibits Adhesion of LelltmnenÎngeal CeUs

ln order to determine whether the 1A1 antigcn plays an adhesive role in the

leplomeninges, confluent cullures oï neollalal lcptomcninges were used in a short-term

adhesion assay. Confluent cultures ofneonalalleptomeninges were used since the lAI

alltigen on these cells is expressed upon cOllflucllcy. Such cultures were pre-treated

wilh different concentrations of Fab fragmcnts of MAb lAI or control MAb Ran-2

prior to the addition of Dil-labeied leptoll1eningeal cell suspension obtained from

confluent cultures. The ll1ean number of single Dil-labeied leptomeningeal cells

attached to leptomeningeal monolayers decreased by 26% in the presence of lAI

alltibodi(;s as cOll1pared to conlrol antibodies ('rablc 4.1). The blocking effect of MAb

1A1 on the adhesion of leptomeningeal cells lo leptomeningeal ceUs was concentration

dependent, WiUl Ule maximum effecl observed at 250 J.lg/ml of monovalent Fab

fragments.

4.4 Discussion

The functional and biochemical characlerization of MAb lAI has been rep,med using

rat tissue (Chapters 2 and 3). Immunofluorescence analysis showed that the in vitro

distribution of the antigen recognized by the MAb 1A1 is restricled to fiat type-I

astrocytes and BergmaIUl glia wiUlin the CNS. Neurons and oUler glia of Ule CNS

were IAI-. Antibody perturbation experiments in vitro demonstrated that the lAI

antigen has adhesive properties, aIld is involved in neurite outgrowtl1 on astrocytes

(Chapter 2) aIld neuronal migration in microexplaIlts of the eerebellar cortex

(Chapter 3). Outside the ':NS, the lAI allligen is expressed in vitro by certain cells

of ll1esenchymal origin, such as leptomeningcal cells and fibroblasts, but only when



•

•

125

lhcy rcach conllucncy (Chaplcr 2). As nlènlhncd prcviously, lhis anlihOlly hinds very

poorly to tissue sections; hence, the in vivo .Iislribulion of lhis antigen is not known.

ln this study, the expression of 1A1 antigcn and ilS adhesive funclion in thc

leptom'--::inges Ulat cover Ule rat cerebral cortex was sludied.

Regulation of lAI Antigen Expression in Lelltomcningeal CeUs

It was reported in Chapter 2 that a 135 kd MW band couId be immunoprecipitated

l'rom confiuent cultures of neonatal leplOll1eninges following mctabolic labeling with

[
35S]ll1eUlionine. ln this chapter, studies were carricd out to furUler examine the Icvel

of expression of the 1A1 antigen in vivo in Icpllllneninges obtained l'rom the neonatal

and adull rats. As with conllue11l leptomeningeal cullurcs, lhe MAb 1A1

immunoprecipit:\led a sill1ilar MW band of 135 kd l'rom ["S]melhioninc-Iabcled prolcin

exlracls of leplOll1eningeailissue oblained l'rom lhe adllil rat. This MW band was nol

seen in immunoprecipilales l'rom leplomeningcs of nconalal rals. In addilion lo lhe

immunoprecipilalion dala, Ule immunofiuorescence analysis of cell suspensions of

neonalal and adull leplomeninges also showed lhal lhe percenlage of 1Ait cells

increases wiUl development. lAI + labeling of leplomeningeal cells increased l'rom

13 % at P2 to grealer than 80% in the adult. Olher experiments also showed lhalonly

about 5% of the leptomeningeal cells were lAI' al PO. 11lese results lherefore

indicale lhat 1A1 anligen expression on leplol11cninges increases during poslnatal

development, suggesting that this antigen is expressed in malure and diffcrenlialed

leptomeningeal cells in vivo.

Very few neonalalleptomeningeal cells in short-Lerm cullures expressed lhe lA 1

antigen. However, the majority of these cells became lAI + when the cullures were

confluent. BoUt tinte in culture and cell densily llIighl have infiuenced Ulese in vilro
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changes. /\ differential regulation of the 1/\1 antigen expression on neonatal

leptomeningeal cells was found as a function of ccli density, but only when the cultures

wcre maintained for periods greater than 4 days. ln high density cultures there was

a rapid increase in the percentage of lAI + leptomeningeal cells from less than 5% to

grcater than 90% arter 6 DIV by which time the cultures were confluent. However,

in the low density cultures the percentage of 1A1+ leptomeningeal cells never reached

grcater than 16% even at 10 DIV which was the longest time period examined. Taken

together, thcse observations suggest that cell density played a significant role in the

expression of 1A1 antigen because of the marked increase in 1A1+ cells in the higher

density cultures. In addition, time in culture was also an important paranleter since the

number of lAI + leptomeningeal cells continued to be at about 5% for the first 4 days

in culture regardless of Ule plating densities. /\ distinct pattern of regulation was

observed in Ule expression of Ulis antigen on the small percentage of astrocytes

(2-10%) Ulat could be found in Ulese neonatalleptomeningeal cuhures. As compared

to 1A1expression on leptomeningeal cells, the percentage of 1A1+ astrocytes continued

to increase wiili time in bOUl low and high density cultures. Therefore Ule control of

1A1 antigen expression in astrocytes and leptomeningeal cells appears to be different.

The two most likely explanations for 1A1 antigen expression and synUlesis by

confluent leptomeningeal cultures are: (i) The establishment of ceil-cell contacts, and

(ii) Ule effects of maturational differentiation. That cell-ccll contact seen in higher

density cultures could play a role in the regulation of lAI antigen on leptomeninges

was furUler supported by Ule finding that in the low density culture, ilie 1A1+

leptomeningeal cells at 10 DIV were always in c1usters resulting in adjacent cells

contacting each oUler. Density-induced up-regulation of enzymes, ceP surface proteins,
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and ECM molecules has previously been repoTled for various cells and (ccli tincs).

such as fibroblasls (3T3). hepatocytes (H4I1EC3) and mammary epithetial cells (HCI\)

(Hatamochi et al.. 1989; Beale et al.. 1991; Kornilova et a: . 1992; OShima and

Simons. 1992). Also, the 1A1 allligcn expression could be ""soci:ltcd with

maturational changes in leptomeningeal cells occurring as a function of time in cnlturc,

and thereby be related to the functional and biochemical differentiation of cells in vitro.

This possibility was supported by the increase in 1A1 antigen expression seen in the

leptomeninges in vivo as discussed eartier. There is evidence that Iibroblasts (also

derived l'rom the mesenchyme) undergo maturational changes during their in vitro

progression in terms of tlle expression of various dilTerentiation-associatcd molcculcs,

such as collagen types 1and 111. and Iibronectin (Choi et al., 1992). In lhis study, an

increase and a different pattern of fibroneclin slaining was observed in connucnt

neonata11eptomeningeal cultures versus non-confluent cultures. Other results have also

indicated an increase in Iibronectin expression in IllIman Iibroblasts during in vitro

cellular senescence (Kumazaki et ~l., 1991). The increased 1A1antige!l expression in

confluentleptomeningeal cultures might therefore be influenced by the composition and

quantity of the surrounding ECM.

There is evidence l'rom both in vilro and in vivo sludies tllal leptomeningeal

cells, Ijke other mesenchymal-derived cells, are able 10 secrele several extracellular

matrix componenls of the basal lamina which appear to be deposited in increasing

amounts with maluration and differentialion (Rulka et al., 1986; Hernandez el al.,

1989; Peters et al., 1991; Ajemian et al., 1994; Chapter 2). In addilion, tllere is a

marked deposition of collagen fibers in tlle adult leplomeninges (Hernandez el al.,

1991; Peters et al., 1991). Inereased levels of 1A1 anligen expression in confluent
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leptomeningeal cultures as weil as in the adult leplollleninges in vivo led me to examine

whether 1A1expression in the mature and differentimed leptomeningeal cells could be

innuenced by the increased deposition of ECM Illolccules. There have been several

reports that ECM Illolecules can Illodulate the proliferation, differentiation, and survival

of cells by directly cr indirectly regulating gene expression (Adamson, 1982;

Gospodarowicz et al., 1983; Fridman el al., 1985; Bissell and Barcellos-Hoff, 1987;

Davis el al., 1987; Nagano et al., 1993). The percentage of lAI + leptomeningeal cells

in neonatal leptomeningeal cultures increased when plated onto various ECM

components (1anlinin, fibronectin, collagen types 1or IV) as compared with those of

control cultures on PLL alone. A significant increase of about 5.5-fold was seen on

collagen ~ype 1 and an increase of 3 lo 4-fold on collagen type IV, laminin, and

fibronectin. This higher percentage of 1Ait leptollleningeal cells observed on collagen

type 1was significantly different From lIle other ECM molecules, suggesting that lAI

antigen expression on leptomeninges is differentially regulated by 1I1ese ECM molecules

in vitro.

The mechanism(s) by which ECM molecules regulate the expression of lAI

antigen in leptomeningeal cells is not known. It has been reported lIlat individual

components of the ECM can regulate gene expression at different levels (reviewed by

Bissell et al., 1982). This is a result of direct interaction willl receptors of ECM

glycoproteins, most of which belong to 1I1e superfamily of integrins. The interaction

of integrins with lIleir specific ligands in turn induees Îll1t11ediate signai transduction

1I1rough the intracellular cytoskeletal network resulting in tissue-specific gene

expression (Spiegelman and Ginty, 1983; Ben-Ze'ev and Amsterdam, 1986; Streuli et

al., 1991). There is now accumulating evidence from in vitro studies suggesting 1I1at
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cells undergo ~hanges in phenotypic expression of proteins by signais transmilled

through receptor binding (reviewed by Juliano allli lIaskill, 1993). It was shown that

certain milk protein gene expression in primary r<tl mammary cultures can be induced

when Ulese cells are plated on the ECM glycoprolein, laminin (Blum ct al., 1987).

FurUlermore, the effeet of laminin on the dilTerentiation of mammary epithelial cells

may lJe mediated by the cytoskeleton (Blum and Wicha, 198R) and requires a sigual

mediated through integrins (Streuli ct al.. IlN 1). Similarly, sludies with rat

hepatocytes showed that eell-matrix interactions determine the diiTerentiated phenotype

of these ceUs in culture as judged by the expression of high levels of Iiver-specilic

mRNAs, while synUlesizing low levels of DNA and cytoskeletal mRNAs (Ben-Ze'ev

et al., 1988). The differentiated phenotype of hepatocytes was also observed when

tl1ey were seeded at high density and formed aggregates, suggesting that ccII-ccII

interactions are important (Ben-Ze'ev et al., 1988). The expression of the 1A1antigen

in neonatal leptomeningeal ceUs in culture may also be controlled by both cell-matrix

and ceU-ceU interactions as discussed earlier. Another parameter besides cell-cell

contact and ceU-matrix contact which might be respollsible for Ule maintenance of 1A1

antigen expression on leptomeninges is thatthe turnover rate of the 1A1 antigen might

be slower in leptomeningeal ceUs obtained from conl1uent cultures. This laller

hypotl1esis was not assesscd :md needs further analysis,

The lAl Antigen Mediates Adhesion of Leptomcningeal Cells to Monolayers of
Leptomeninges

The MAb lAI has been shown to interfere with neuron to astrocyte and astrocyte to

astrocyte adhesion, but not witl1 neuron to neuron adhesion (Chapter 2). Since Ule

MAb lAI binds to adult leptomeninges and confluent cultures of neonatal
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lcplomeninges, the involvemenl of the 1A1 ccli surface 11101ecule in mediating

leplomeningeal ccli adhesion was examined. Thesc experirnenls were done in a

90 minute adhesion assay using secondary cultures of neonalal leplomeninges which

express the lAI molecule. Fab fragments of MAb lAI at 250 Mg/ml inhibited

adhesion of th~ Dil-labeled leptomeningeal cells to the monolayers by 26%. The

degree of inhibition by monovalent Fab fragmenl! of 1A1 antibody is comparable to

that obtained in neuron 10 astrocyte and astrocyle to aSlrocyte adhesion. The MAb 1A1

blocked the adhesion of cerebellar granule cells to monolayers of fiat type-I astrocytes

puri lied l'rom the neonatal rat cerebral cortex by 22% (500 Mg/ml), while the adhesion

of cerebral cortical astrocytes to monolayers of tlat type-I astrocytes was blocked by

25% with 500 Mg/ml of lAI Fab fragments (Chapter 2). The results presented in this

chapter therefore indicate that the 1A1 antigen might mediate adhesive interactions

between leptomeningeal cells.

Not much is known about the molecular basis of leptomeningeal histogenesis.

The expression of cell adhesion molecules and matrix proteins in oUler systems suggest

that sirnilar strategies for adhesive interactions may also underlie the formation of

leptomeningeal tissue during development. I.~ptomeningeal cells are derived l'rom Ule

mesenchyme and there is evidence to suggest Ulat Uley are biochemically and

morphologically sirnilar to the mesenchymally-derived Iibroblasts (Napolitano et al.,

1964; Angelov and Vasilev, 1989; Peters et al., 1991). Fibroblasts express cell

adhesion molecules, like N-CAM (Maier et al., 1986; Martini and Schachner, 1988;

Gatchalian et al., 1989) and various ECM molecules, such as tenascin, fibronectin,

collagen, larninin, and heparan sulfate proteoglycan in culture (Gatchalian et al., 1989;

Halrter et al., 1989; Hatanlochi et al., 1989; Munaut et al., 1991; Choi et al., 1992).
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These ECM molecules are also expressed by leplllmcningeai cells tRulka Cl al., 1986;

David, 1988; Esiri and Morris, 1991; Ilernamll:z cl al., 1991; l'eters ct al., 1991;

Ajemian et al., 1994; Chapter 2). The increased 1A1 expression on leptomeninges

with maturation in vivo and in vitro suggests that Ihe 1A1antigen may be a phenolype

of differentiated leptomeningeal cells. Given its adhesive properties and expression in

the adult animal, the 1A1 antigen could play :1 role in Ule maintenance of

leptomeninges as a tissue. An increase in 1A1 anligen expression on neonalal

leptomeningeal eells in vitro could be induced by ECM eOlllponents, including lalllinin,

fibronectin, and collagen types 1and IV. Interestingly, greater Ulan 90% of the adult

leptomeningeal cells in suspension were labeled with antibodies against rat (31 inlegrins

as compared to only 10-15% in neonatal rats (data not shown). Whether thcse intcgrin

receptors are functional in vivo in the adult is not knllwn at present. Nevertheless, the

increased deposition of ECM molecules and an inerease in Ule expression of thcir

membrane-associated integrin reeeptors as well as the 1A1antigen during developme11l

suggests that adhesive mechanisms involving both cell-Illatrix and cell-cell interactions

may play an important role in leptomeningeal histogenesis.

The molecular mechanisms mediating leplomeningeal tissue formation is of

interest since in vivo studies indicate that Ule meningeal cells may indirectly influence

Ule normal development of Ule underlying CNS (reviewed by Sievers et al., 1986;

Hartmann et al., 1992). Earlier studies by Sievers and his colleagues showed Ulat Ulcrc

is a positive correlation between the depletion of meningeal cells by 6-0HDA in

neonatal ilanlsters, and the subsequent development of abnormalities in the cerebcllum

in terms of foliation, lamination, and granule cell number (Pehlemann et al., 1985).

They suggested that meningeal cell destruction is associated with the destabilization and
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disruplion of the basal lamina, and that the production of collagen by meningeal cells

mighl be necessary for ils slabilization. Leptumeningcal cells eovering the brain might

also participate in the development of the lInderlying cerebral cortex (Abnet et al.,

1991).

The resliits presented in this ehapter indicate that Ole eell surface antigen

rccognized by the MAb 1A1may mediate adhesive interactions betweenleptomeningeal

cells. Given its increased expression in the mature animal, this molecule may also play

a role in the maintenance of leptomeningeal tissue morphology.
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Figure 4.1 Autoradiographs after reducing SDS-PAG E (7.5 %) ofimlllunoprecipilales

obtained with MAb lAI (Ianes l, 3 and 4) and control MAb JG22 (lane 2) from

[
3SS]methionine-labeled protein extracts of contluenl cultures of neonatalleplOllleninges

(Ianes l and 2), and explallts of neollalal (Iane 3) and adult (Iane 4) leptollleninges

dissected and placed in suspension for metabolie labeling. A specifie band at

approximately 135 kd immwloprecipilated by MAb lAI can be seen in eontluenl

cultures of neollatal leptomeninges (Iane 1) and the adult leplomeninges (Iane 4).

Molecular weight markers from top are: 200 and 116 kd .
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Figure 4.2 Immunofluorescence labeling with MAb 1A1 (A and C) and Nuclcar

yellow (B and D) in dissociated cell suspension of the newborn (A and B) and adult

(C and D) rat leptomeninges. Neonatalleptomeninges (A) are 1A1-, white the majority

of the adull leplomeningeal cells show punctatc ccII surface labcling with MAl> 1A1

(C). Bar, 20 ~m .
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Figure 4.3 Percentage of 1A1+IFN + Icplomcningeal cells in dissociated ccli

suspensions of the P2 and adull rat leplomeningcs. Each value represcnts thc mcaH ±

5D of 2 experiments. For each experimenl bctwccn 500-900 cells wcrc counlcd on 3-4

coverslips. There is about a 7-fold incrcasc in thc Humber of lA l' Icplolllcningcai

cells between neonatal and adult.
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Figure 4.4 Double-illllllunofluorescence laheling \Vith MAb 1AI (/\ and C) and

polyclonal ami-fibroneclin (13 and D) in prilllary nlln-cllnlluenl (/\ and 13) and cllnllucnl

(C and D) cultures of the neonal.:J.1 rat leplllllleningcs. 1A1 illllllunorcaclivily is nol

seen in non-confluenl cullure (A), bul is inlensc in conlluenl cullure (C). Nole an

increase and a difference in the pattern of fibroneclin labeling in conlluent (D) versus

non-confluent (13) cultures. Bar, 35 /Lill•
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Figure 4.5 Changes in lAI expression in cultures of neonatal rat leptomeninges plated

on PLL-coated substrate at a plating density of 0.75 x 10" (0-0) or 3 x 10" (e_e)

cells/cm'. In these cultures approximately 90% of the cells are large, flat GFAP

leptomeningeal cells (see insert in A), and less than 10% are GF<\P+ astrocytes (see

insert in B). The time course of the changes in lA1 expression in leptomeningeal cells

and astrocytes are shown separately in A and B, respectively. Each value represents

the mean ± SO of 2 experiments. For each experiment between 150-750 total cells

on 6 coverslips were counted.
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Figure 4.6 Percenlage of 1A1+ leplomeningeal cclls in dissocialed prinmry cultures

of lhe neonalal ralleplomeninges. Cells were plaled al high densily (3 x 10' cells/cm')

on PLL or various ECM subslrala and cullured for 24 hours prior 10 Înlllluno

fluorescence labelîng. Each value represenls lhe mean ± SD of 3 experimenls. 400

800 single lAI +IGFAP- cells were counled on duplieale coverslips per experimenl.

A significanl illcrease in lAI + cells is observed in ail cullures grown on ECM subslrala

as compared to PLL. Significance levels were delermined using a Sludelll's HeSl.

Fibroneclin (FN) and laminin (LN), p < 0.01; eollagen lypes 1 (Coll) and IV (Col

IV), p < 0.001; * = signi/ïcanlly differenl from olher ECM subslrala, Il < 0.05
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Table 4.1 Blocking etTects of the MAb 1A1 on cocultures of Dil-Iabcled

leptomeningeal cell suspension plated onto monolayers of h::ptomeninges in a 90 minule

adhesion assay. The number of single Dil-labeled cells were counted and compared

with control cultures treated with MAb Ran-2 or no antibodies. A significant inhibition

in leptomeningeal cell adhesion is seen in cultures grown wilh MAb 1A1. Numbcrs

indicate mean values ± SD. The number of cxpcriments is indicatcd in parcnUlcscs

with counts made l'rom duplicate coverslips. Studcnt's l-lcsl was uscd to assign

significance levels; a = not significantly diffcrent From antibody trcalcd control

cultures, b = P < 0.01. Percentage inhibition is the differencc in ccli atlachmcnt

compared to Ran-2 controls.



•

Antjbody (pg/ml)

LEPTOMENINGEAL CELL ADHESION

Number of single cells

attached in 15 mm2

Percentage of

inhibition

•

None 230 ± 11 (3)"

Ran-2 Fab (500 pg/ml) 232 ± 21.5 (3)

(250 pg/ml) 234 ± 13 (3)

(100 pg/ml) 241 ± 8 (3)

lAI Fab (500 pg/ml) 167 ± 2.5 (3)b 28%

(250 pg/ml) 174 ± 13 (3)b 26%

(100 pg/ml) 234 ± 22 (3)" 3%
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Chapter 5: SUIIlIllWY alid Fu/ure directions

ln this thesis, a potentially novel ccli adhesion molccule has been charaClerized using

a monoclonal anlibody (MAb 1AI). This MAb 1A1 has its limitations in thal it hillll,

very poorly 10 tissue sections for immunohislochemical studies, nor does it recognil.e

the antigen on Western blots. My work involved using functional in vitro and

biochemical approaches and has indicated the following.

1. By indirect immunonuorescence, lhe 1A1 allligen is found only on nat type-I

astrocytes and Bergmann glia in dissuciated cultures of the CNS. OUlside the

CNS, 1A1 immunoreaetivity is alsu sccn in highly conlluenl cultures or

mesenchymally-derived cells, sueh as leplomeninges and libroblasts. This

suggests that Ule control of 1A1 antigen expression in neural (i.e. astroeytes)

and non-neural cells (Le. leptomeninges) is dirrerenl. 1 have shown that cell

cell contact and ECM molecules (Iaminin, Iibronectin and collagen) play a

crucial role in Ule regulation of lAI antigen expression in leptomeninges, bUl

may not be necessary for lAI antigen expression in astrocyles.

•

2. Whole IgG and monovalent Fab fragmellls of MAb 1A1 inhibit neuron

astrocyte, astrocyte-astrocyte, and leplomeningeal cell adhesion by 27-33 %.

Neuron-neuron adhesion was ullarfected by MAb 1AI, suggcsling that the

above inhibition by MAb lAI is specilie. This degree of inhibition is

comparable to iliat obtained with anlibodies to oilier known cell adhesion

molecules, such as N-CAM. Unlike N-CAM, the lAI antigen likely mediates

cell-cell adhesion via a heterophilic-binding mechanism.
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The MAb 1A1 had no effe"t on the altachlllent of astrocytes to various ECM

Illolecules (i.e. lalllinin, Iibronectin, and collagen type 1), suggesting that the

cellular adhesion by 1A1 antigen is not via these ECM Illolecules or their

receptors.

4. The MAb lAI was shown to inhibit neurite outgrowth on astroeytes from El8

hippocalllpai and l'1 ccrebellar cortical ncurons by about 30%.

5. In dissociated cultures of the developing ccrcbellum, Fab fragments of the MAb

1A1 inhibit the adhesion of neurons to Bergmann glia by about 50%. In

microexplant cultures, the MAb lA 1 blocks the migration of neurons by 60%.

These Iindings suggest Ulat the 1A1 Illolecule might play a role in glial-guided

neuronal migration in the developing cerebellum.

6. The lAI antigen is presen' at the appropriate lime to be involved in Ule

migration of granule eells along hcrgl11ann glia in vivo. By immuno

precipitation Ule level oF Ulis antigen inereases by about 2-fold between l'1 and

1'20 followed by a decrease to the PI level at 1'35. In addition, Ule number of

lAI + Bergmann glia also increases From 33% to 78% between PI and 1'7 in

dissociated cell cultures.

7. The lAI anligen is a poorly glycosylated molecule Ulat migrates wiUl a MW of

about 135 kd on !Joth redueed amI non-reduced SDS-PAGE. This suggests that

the 1A1 molecule does not contain interehain disulfide bonds.

•
8. The lAI molecule is unlikely to belong to the cadherin family of CAMs, and

diFfers from eadheri[ls in three major properties: Ule absence of Ule tripeptide
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HAV ccII recognition ~ :quencc, its himling mechanism, ami ils insensilivily lU

trypsin in the abscllœ of calcium.

The 1A1 antigen is highly expresscd in Ch v.lioma eclls.

•

Future directions

The results presemed in this thesis demonstmte lhal the 1A1 allligen might he a novel

ccII adhesion molecule. Future work should he direcled at ilS purification and

molecular characterization. For this reason, 1had screened various astrocyle ccII lines

for lAI antigen expression. The C6 glioma ccllli'ie was founù to express high levels

of the lAI antigen. This cell line is being used pn:sently by others in the lahoratory

for purification of the lAI antigen (Patel et al., 1994). Besides amino-acïd sequencc

determination which will provide information to construct oligonucleotide probes, the

purified 1A1 molecule could al50 be useù for generating polydonal antisera. The

generation of polyclonal anlibodies will be important sincc the MAb lAI has several

limitations, e.g., this MAb cannot be used for Western blotting or on tissue sections.

Thus, developmental studies were difficult to carry out, and the in "ivo distribution of

Ulis molecule could not be determined.

In addition, both Ule oligonucleotide probes and the polyclonal antiboùies can

be further used to screen a cDNA expression library for molecular doning. These

probes will be useful in studies of expression and developmental regulation of the 1A1

gene. Molecular cloning of the lAI antigen will hclp establish its relationship to other

known cell adhesion molecules.
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APPENDIX 1

lAI Antigen Expression in Various Astrocyte Cell Lines

Cell lines obtained from different investigators 1A1 immunoreactivity

•

* DI TNC, Dr. C.F. Deschepper positive

** C6 glioma Dr. H. D. Durham positive
(ATCC No. CCL 107)

A7 Dr. H.M. Geller negative

TsVl Dr. H.M. Geller negative

Human astrocytoma Dr. F. Gervais negative
(ATCC No. CRL 1718)

rCG Ul9-P,p2D Dr. G.M. Smith negative

* Rahemtulla, N., C.F. Deschepper, 1. Maurice, B. Mittal, and S. David (1994)

Immunocytochemical and functional characterization ofan immortalized type-1 astrocytic

cellline. Brain Res. 642:221-227.

** lAI + C6 gliomas were used to generate large amounts of tumor material by

injecting cells subcutaneously into nude rats. Membrane preparations were obtained for

use in lAI immunoaffinity chromatography for purification purposes. Although this

procedure gave positive results, the yields of immunoaffinity-purified lAI antigen using

the Affi-gel Hydrazide antibody column was insufficient for protein microsequencing.



•

•

B18L10GRAI'IIY

Abnet, K., J. W. Fawcelt, and S. B. Dunnclt (lIN 1). Illlcractions bctwccn mcningcal cclls
and astrocytcs in vivo and in vitro. Dc\'. Brain Rcs. 5<): 187-196.

Abney, R.E., D.P. Bartlelt, and M.C. RaiT (1981). Astrocytes, ependymal cells, allli
oligodendrocytes develop on schedulc in dissociated ccII cultures of embryonic rat hrain.
Dev. Biol. 83:301-310.

Acheson, A., J.L. Sunshine, and U. Rutishauser (1991). NCAM polysialic acid ean
regulate bOUI cell-cell and cell-substrate interactions. J. CcII Biol. 114: 143-153.

Adamson, E. D. (1982). The eftèct of collagen on ccII division, cellular dïlTerentiation
and cmbryonic developmenl. In Collagcn in Health and Disease (J.B. Wciss and M.1. V.
Jayson, Eds.), pp. 218-243. Churchill Livingstone. Edinburgh.

Ajemian, A., R. Ness, and S. David (1994). Tcnascin in the injured raI oplic ncrve and
in non-neuronal ceIls in vitro: potential role in neural rcpair. J. Comp. Neurol. 340:233
242.

Albelda, S.M., W.A. Muller, C.A. Buck, aud l'.J. Newman (1991). Molecular and
cellular properties of PECAM-I (endoCAM/CD31): a novel vascular ccII-ccII adhesion
molecule. J. Cell Biol. 114: 1059-1068.

Altman, J. (1972). Postnatal development of the cerebellar cortex in the l'al. 1. The
external germinal layer and the transitional molecular layer. J. Comp. Neurol. 145:353
397.

Altman J., and S.A. Bayer (1978). Prenatal development of the cerebellar system in the
l'al. I. Cytogenesis and histogenesis of the deep nuclei and the cortex of the ccrebellum.
J. Comp. NeuroI. 179:23-48.

Amaducci , L., K.I. Forno, and L.F. Eng (1981). Glial fibrillary acidic protein in
cryogenic les ions of the rat brain. Neurosci. lelt. 21 :27-32.

Anders, J.J., and M.W. Brightman (1979). Assemblies ofparticles in the ccII membranes
of developing, mature and reactive astrocytes. J. Neurocytol. 8:777-795.

Anders, U., and M. Salopek (1989). MeningcJI ccils increase in vitro astrocytic gap
junctional communication as measured by fluorescence recovery after laser
photobleaching. J. NeurocytoI. 18:257-264.

Angelov, D.N., and v.A. vasilev (1989). Morphogenesis of rat cranial rneninges. A
light- and electron-microscopic study. Cell Tissue Res. 257:207-216.



•

•

145

Antonicek. H.• E. Persohn. and M. Schachner (1987). Biochemical and funclional
characlerization of a novel neuron-glia adhesion Inolccule thal is involved in neuronal
migration. J. CcII Biol. 104: 1587-1595.

Antonicek, H.• and M. Schachner (1988). The adhcsion molecule on glia (AMOG)
incarporated into Iipid vesicles binds to subpopulmions of neurons. J. Neurosci. 8:2%1
2966.

Aquino. D.A.• F.-C. Chiu, C.F. Brosnan. W.T. Norton (1988). Glial fihrillary acidic
protein increases in the spinal cord of Lewis rats with acute experimental autoimmune
encephalomyelitis. J. Neurochem. 51: 1085-1U96.

Aquino. D.A., R.U. Margolis. and R.K. Marglliis (1984). Immunocylochemical
localization of a chondroitin sulfate prolellglycan innervllus tissue. 1. Adllll hrain. relina
and peripheralnerve. J. CcII Biol. 99: 1117-1129.

Ard. M. D.. and R. P. Bunge (1988). I-Ieparan sulfate proteoglycan and laminin
immunoreactivity on cultured astrocytes: relationship to differentiation and nellrile
growth. J. Neurosci. 8:2844-2858.

Arthur. F. E.• R. R. Shivers. and P. D. Bowman (1987). Astrocyle-medialed induclionof
tight junctions in brain capillary endothelium: an efficient in vitro model. Dev. Brain Res.
36: 155-159.

Asch, A.S., L.L.K. Leung, J. Shapiro, and R.L. Nachman (1986). I-\uman brain glial
cells synthesize thrombospondin. Proc. Natl. Acad. Sci. USA 83:2904-2908.

Austin. C.P., and C. L. Cepko (1990). Cellular migration pattcrns in the developing
mouse cerebral cortex. Development 110:713-732.

Aulillo-Touati, A.• B. Chamak. D. Araud. J. Vuillel. R. Seite. and A. Prochialtlz (1988).
Region-specific neuro-aslroglial interaclions: ullraslructural study of the in vitro
expression of neuronal polarity. J. Neurosci. Res. 19:326-342.

Barakat, L, M. Sensenbrenner. and G. Vincendon (1982). The importance of cell conlact
for the proliferation of neuroblasts in culture and its stimulation by meningeal exlract.
Neurochem. Res. 7:287-300.

Barakat, 1., W. Wittendorp-Rechenmann. R. V. Rechenmann. and M. Sensenbrenner
(1981). Influence of meningeal cells on the proliferation of neuroblasts in culture. Dev.
Neurosci. 4:363-372.

Barbin, G., D.M. Katz, B. Chamak, J. G1owinski, and A. Prochiantz (1988). Brain
astrocytes express region-specific surface glycoproteins in culture. Glia 1:96-103 .



•

•

146

Barres, B.A., L. L. Y. Chun, and 0.1'. Curcy (1988). lun channel expression by white
maller glia: L Type 2 astrocytes and oligudendrucytes. G1ia 1: 10-30.

Barres, B.A., L.L. Y. Chun, and 0.1'. Corey (1990). Ion channels in vertebrate glia.
Annu. Rev. Neurusci. 13:441-474.

Bartlell, l'.F., M.D. Noble, R.M. l'russ, M.C. RaiT, S. Rallray, and C.A. Williams
(1981). Rat neural antigen-2 (Ran-2): a ccII surface antigen on astrocytes, ependymal
cells, müller cells and leptomeninges defined by a monoclonal antibody. Brain Res.
204:339-351.

Bartsch, U., F. Kirchhoff, and M. Schachner (1989). Immunohistologicallocalization of
the adhesion molecules LI, N-CAM and MAO in the developing and adult optic nerve
of mice. J. Comp. Neurol. 284:451-462.

Baller, O.K., R.A. Corpina, C. Roy, D.C. Spray, E.L. Hertzberg, and J.A. Kessler
(1992). Heterogeneity in gap junction expression in astrocytes cultured l'rom different
brain regions. G1ia 6:213-221.

Baller O.K., and J.A. Kessler (1991). Region-specific regulation of preproenkephalin
mRNA in cultured astrocytes. Mol. Brain Res. 11:65-69.

Beale, E.O., LM. Schaefer, and Q. Li (1991). Culture at high density increases
phophoenolpyruvate carboxykinase messenger RNA in H411EC3 hepatoma cells. Mol.
Endocrinol. 5:661-669.

Ben-Ze'ev, A., and A. Amsterdam (1986). Regulation of cytoskeletal proteins involved
in ccII contact formation during differentiation of granulosa cells on extrace\lular matrix.
l'roc. Natl. Acad. Sci. USA 83:2894-2898.

Ben-Ze'ev, A., O.S. Robinson, N.L.R. Bucher, and S.R. Farmer (1988). Cell-cell and
cell-matrix interactions differentia\ly regulate the expression of hepatic and cytoskeletal
genes in primary cultures of rat hepatocytes. l'roc. Natl. Acad. Sci. USA 85:2161-2165.

Berry, M., W.L. Maxwell, A. Logan, A. Mathewson, p. McConne\l, D.E. Ashhurst,
and O.H. Thomas (1983). Deposition of scar tissue in the central nervous system. Acta
Neurochir. Suppl. 32:31-53.

Bhat, S., and D.H. Silberberg (1986). Oligodendrocyte ce\l adhesion molecules are
related to neural ce\l adhesion molecule (N-CAM). J. Neurosci. 6:3348-3354.

Bhat, S., and D.H. Silberberg (1988). Developmental expression of neural ce\l adhesion
molecules of oligodendrocytes in vivo and in culture. J. Neurochem. 50: 1830-1838.

Bignami, A., and D. Dahl (1976). The astroglial response to stabbing.



•

•

147

Immunotluorescence studies with alllibudies tu aSlrucyle-specilïc protcin (GFAl in
mammalian and submammalian vcrtcbratcs. NClIrupathol. Appl. NCllrubiul. 2:<)1)-110.

Bignami, A., and D. Dahl (1985). Glial filaments in brain diffcrcntiationand thc transÎcnt
expression of neurofilamenls in Purkinjc ccII dcvclopmcnl. Ann. N. Y. Acad Sci.
455:563-574.

Bignami, A., D. Dahl, and C. Rueger (1980). Glial lïbrillary acidic (GFA) prote in in
normal neural cells and in pathological conditions. Adv. Cell. Neurobiol. 1:286-310.

Bignami, A., L.F. Eng, D. Dahl, and C.T. Uyeda (1972). Localization of the glial
fibrillary acidic protein in aslrocyles by immunotluoreseence. Brain Res. 43:429-435.

Bissell, M,J., and M.H. Barcellos-Hoff (1987). The intluence of extracellular :nalrix on
gene expression: is slruclure lhe message? J. Cell Sci. Suppl. 8:327-343.

Bissell, M,J., H.G. Hall, and G. Parry (1982). How does lhe eXlraeellular ll1alrix direcl
gene expression? J. Theor. Biol. 99:31-68.

Bixby, J. L., and P. Jhabvala (1990). EXlracellular malrix moleeules and ccII adhesion
1l10lecules induce neuriles lhrough differenl ll1echanisms. J. Cell Biol. 111:2725-2732.

Bixby, J.L., J. Lilien, and L.F. Reiehardt (1988). Idenlificalion of lhe major proleins lhal
promole neuronal process oulgrowlh on Schwann ceIls in vilro. J. Cell Biol. 107:353
361.

Bixby, J.L., and R. Zhang (1990). Purified N-cadherin is a polenl subslrale for lhe rapid
induclion of neurile oUlgrowlh. J. Cell Biol. 110: 1253-1260.

Bjôrklund, H., and D. Dahl (1985). Glial fibrillary acidic prolein (GFAP)-like
immunoreactivity in the rodent eye. Comparison belween peripheral glia of lhe anlerior
uvea and central glia of the retina. J. Neuroimmunol. 8:331-345.

Blaschuk, O.W., R. Sullivan, S. David, and Y. Pouliot (1990). Identificalion of a
cadherin cell adhesion recognition sequence. Dev. Biol. 139:227-229.

Blum, J.L., and M.S. Wicha (1988). Role of lhe cyloskelelon in laminin induced
mammary gene expression. J. Cell. Physiol. 135: 13-22.

Blum, J.L., M.E. Zeigler, and M.S. Wicha (1987). Regulation of rat mammary gene
expression by extracellular matrix componenls. Exp. Cell Res. 173:322-340.

Bock, E., Z. Yavin, O.S. Jq,rgensen, and E. Yavin (1980). Nervous system-specifie
proteins in developing rat cerebral cells in cullure. J. Neurochem. 35: 1297-1302.



•

•

148

Bodary, S.C .. and J.W. McLean (19901. The illlegrin (3, subunit associates with the
vilronectin receplor lX, subunilto fonn a novel vitroneclin receptor in a !Juman embryonic
kidney cellline. J. Biol. Chem. 265:5938-5941.

Bornstein. p. (1992). Thrombospondin: struclure and regulation of expression. FASEB
J. 6:3290-3299.

Bollenslein, J.E., and G.H. Sato (1979). Growth of a rat neuroblastoma ccII line in
serum-free supplemented medium. l'roc. Natl. Aead. Sei. USA 76:514-517.

Bourdon, M.A., and E. RuoslahtÎ ,1989). Tenascin mediates ccII attaehment through an
RG))-dependent reeeptor. J. Cell Biol. 108: 1149-1155.

Bovolenta, P., R.K.H. Liem, and C.A. Masan (1984). Development of ccrebellar
aSlroglia: transitions in fonn and cytoskelelal colllent. Dev. Biol. 102:248-259.

Bovolenta, P., and C. Mason (1987). Growth cone morphology varies with position in
lhe developing mouse visual pathway from relina lo Iïrsttargets. J. Neurosci. 7: 1447
1460.

Brew, H., p.T.A. Gray, p. Mobbs, and D. Allwell (1986). Endfeetofretinal glial cclls
have higher densities of ion channels that mediate K+ buffering. Nature 324:466-468.

Brightman, M.W., and T.S. Reese (1969). Junctions between intimately apposed ccII
membranes in the vertebrate brain. J. Cell Biol. 40:648-677.

Bronner-Fraser, M. (1988). Distribution and function of tenascin during cranial neural
crest development in the chick. J. Neurosci. Res. 21:135-147.

Brown, N.H., D.L. King, M. Wilcox, and F.C. Kafatos (1989). Developmentally
regulated alternative splicing of Drosophila integrin PS2 0/ transcripts. Ce1l59: 185-195.

Budka, H. (1986). Non-glial specificities of immunocytochemistry for the glial fibrillary
acidic protein (GFAp). Triple expression ofGFAp, vimentinand cytokeratins in papillary
meningioma and metastasizing renal carcinoma. Acta Neuropathol. 72:43-54.

Burgess, S.K., p.A. Trimmer, and K.D. McCarthy (1985). Autoradiographic quantitation
of{3-adrenergic reeeptors on neural cells in primary cultures. II. Comparison of receptors
on various types of immunocytochemically identified cells. Brain Res. 335:11-19.

Burns, F.R., S. von Kannen, L. Guy, J.A. Raper, J. Kamholz, and S. Chang (1991).
DM-GRASp, a novel immunoglobulin superfamily axonal surface protein that supports
neurite extension. Neuron 7:209-220.

Burridge, K.• K. Fath. T. Kelly, G. Nuekolls. and C. Turner (1988). Focal adhesions:



•

•

149

transmembrane junctions between the extracellular malrix and the cyloskelcton. Annll.
Rev. Cell Biol. 4:487-525.

Cambray-Deakin, M., B. Pearce, C. Morrow, and S. Murphy (1988). EITects of
extracellular potassium on glycogen stores of astrocyles in vitro. J. Neurochem. 51: 1846
1851.

Cameron, R.S., and P. Rakic (1991). Glial celllineage in the cerebral cortex: a rcview
and synthesis. Glia 4: 124-137.

Carbonetto, S. (1984). The extracellular malrix oflhe nervous system. Trends Ncurosci.
7:382-387.

Carbonetto, S., and S. David (1993). Adhesive molecules of the cell surface and
extracellular matrix in neural regeneration. In Neuroregeneration (A. Gorio, Ed.), PI).
77-100. Raven Press, New York.

Caviness, V.S. Jr., and P. Rakic (1978). Mechanisms of cortical development: a vicw
l'rom mutations in mice. Annu. Rev. Neurosci. 1:297-326.

Cepko, C. (1988). Retrovirus vectors and their applicatinns in neurobiology. Neuron
1:345-353.

Chamak, B., A. Fellous, J. G1owinski, and A. Prochiantz (1987). MAP2 expression and
neuritic outgrowth and branching are coregulatcd lhrough region-specifie neuro-astroglial
interactions. J. Neurosci. 7:3163-3170.

Chamak, B., and A. Prochiantz (1989). Infiuence of extracellular matrix proteins on the
expression of neuronal polarity. Development 106:483-491.

Chiquet, M., and D.M. Fambrough (1984). Chick myotendinous antigen. 1. A
monoclonal antibody as a marker for tendon and muscle morphogenesis.. J. Cell Biol.
98: 1926-1936.

Chiquet-Ehrismann, R. (1991). Anti-adhesive Illolecules of the extracellular Illatrix. Curr.
Opin. Cell Biol. 3:800-804.

Chiquet-Ehrismann, R., P. Kalla, C.A. Pearson, K. Beek, and M. Chiquet (1988).
Tenascin interferes with fibronectin action. Cell 53:383-390.

Chiu, F.-C., and J.E. Goldman (1984). Synthesis and turnover of cytoskeletal proteins
in cultured astrocytes. J. Neurochem. 42: 166-174.

Chiu, F.-C., and J.E. Goldlllan (1985). Regulation of glial fibrillary acidic protein
(GFAP) expression in CNS deve10pment and in pathological states. J. Neuroimmunol.



•

•

150

8:283-292.

Chnciwciss, H., J. Ulowinski, and J. l'rémont (1985). Modulation of monoamines of
somatostatin-scnsitivc adcnylatc cyclase on ncuronal and glial cells {rom the mouse brain
in primary culturcs. J. Neuroc:lem. 44: 1825-1831.

Choi, B.II. (1981). Radial glia of developing human l'etai spinal cord: Golgi,
immunohistochcmical and electron microscopie study. Dev. Brain Res. 1:249-267.

Choi, B.II., and R.C. Kim (1985). Exprcssion of glial ribrillary acidic protein by
immature oligodendroglia and its implications. J. Neuroimmunol. 8:215-235.

Choi, B.H., R.C. Kim, and L.W. Lapham (1983). Do radial glia give rise to both
astroglial and oligodendroglial cells? Dev. Brain Rcs. 8: 119-130.

Choi, B.H., and L.W. Lapham (1978). Radial glia in the human l'etai cerebrum: a
combined Golgi, immunofluorescentandelectron microscopicstudy. Brain Res. 148:295
311.

Choi, A.M.K., D.R. Olsen, K.G. Cook, S.1O. Deamond, J. Vitto, and S.A. Bruce
(1992). Diffcrential extracellular matrix gcnc exprcssion by ribroblasts during their
proliferative life span in vitro and at senescence. J. Cell. l'hysiol. 151:147-155.

Choy, M., M.T. Armstrong, and l'.B. Armstrong (1990). Regulation of proliferation of
cmbryonic heart mesenchyme: role of transforIning growth factor-{3, and the interstitial
matrix. Dev. Biol. 141:421-425.

Chuah, M.\., S. David, and O. Blaschuk (1991). Differentiation and survival of rat
olfactory epithelialneurons in dissociated cell culture. Dev. Brain Res. 60: 123-132.

Chuong, C.-M. (1990). DifferentiaI roles of multiple adhesion molecules in cell
migration: granule cell migration in cerebellum. Experientia 46:892-899.

Chuong, C.-M., K.L. Crossin, and G.M. Edelman (1987). Sequential expression and
differentia1 function of multiple adhesion molecules during the formation of cerebellar
cortical layers. J. Cell Biol. 104:331-342.

Chuong, C.-M., and G.M. Edelman (1984). Alterations in neural cell adhesion molecules
during development ofdifferent regions of the nervous system. J. Neurosci. 4:2354-2368.

Cohen, J., J.F. Burne, C. McKinlay, and J. Winter (1987). The role of laminin and the
lamininlfibronectin receplor complex in lhe outgrowlh of retinal ganglion cell axons.
Dev. Biol. 122:407-418.

Cohen, J., J.F. Burne, J. Winter, and p. Barllelt (1986). Relinal ganglion cells lose



•

•

15\

response to laminin with maturation. Nature 322:465-467.

Cole G,J., and R. Akeson (1989). Identification of a heparin binding domain of the
neural ccII adhesion molecule N-CAM using s)'nthctic pcptidcs. Neuron 2: 1157-1165.

Cole, G,J., and L. Glaser (1986). A heparin-binding domain l'rom N-CAM is involvcd
in neural cell-substratum adhesion. J. CcII Biol. 102:403-412.

Cole, G,J., D. Schubert, and L. Glaser (1985). CcII-substratum adhesion in chick neural
retina depends upon protein-heparan sulfate interactions. J. CcII Biol. 100: 1192-1199.

Conway, J.F., and D.A.D. l'arry (1988). Intermediale nlamcnl structure: 3. Analysis of
sequence homologies. Inl. J. Biol. Macromol. 10:79-98.

Cornell-Bell, A.H., S.M. Finkbeiner, M.S. Cooper, and S,J. Smith (\990). Glutamate
induces calcium waves in cultured astrocytes: long-range glial signaling. Science 247:470
473.

Crossin, K.L., C.-M. Chuong, and G.M. Edelman (1985). Expression sequenccs of ccII
adhesion molecules. l'roc. Natl. Aead. Sci. USA 82:6942-6946.

Crossin, K.L., S. Hoffman, M. Grumet, J.-I'. Thiery, and G.M. Edelman (1986). Site
restricted expression of cytotactin during developmcnt of the chicken embryo. J. CcII
Biol. 102: 1917-1930.

Crossin, K. L., S. Hoffman, S.-S. Tan, and G. M. Edelman (1989). Cytotactin and its
proteoglycan ligand mark structural and functional boundaries in somatosensory cortex
of the early postnatal mouse. Dev. Biol. 136:381-392.

Crossin, K.L., A.L. Prieto, S. Hoffman, F.S. Jones, and D.R. Friedlander (1990).
Expression of adhesion molecules and the establishment of boundaries during embryonic
and neural developmenl. Exp. Neurol. 109:6-18.

Culican, S.M., N.L. Baumrind, M. Yamamoto, and A.L. Pearlman (1990). Cortical
radial glia: identification in tissue culture and evidence for their transformation to
astrocytes. J. Neurosci. 10:684-692.

Cunningham, B.A., U. Hemperly, B.A. Murray, E.A. l'rediger, R. Brackenbury, and
G.M. Edelman (1987). Neural cell adhesion molecule: structure, immunoglobulin-Iike
domains, cell surface modulation, and alternative RNA splicing. Science 236:799-806.

Curtis, R., J. Cohen, J. Fok-Seang, M.R. Hanley, N.A. Gregson, R. Reynolds, and
G.I'. Wilkin (1988). Development of macroglial ceIls in rat cerebellum. I. Use of
antibodies to follow early in vivo development and migration of oligodendrocytes. J.
Neurocytol. 17:43-54.



•

•

152

Dahl, D. (1981). The vimentin-GFA protein transition in rat neuroglia cytoskeleton
occur5 atthe time of myelination. J. Neurosci. Res. 6:741-748.

Dahl, D., A. Bignami, K. Weber, and M. Osborn (l98Ia). Filament proteins in rat optic
nerves undergoing Wallerian degeneration: localization ofvimentin, the fibroblastic 100
Alïlament protein, in normal and reactive astrocytcs. Exp. Neurol. 73:496-506.

Dahl, D., D.C. Rucge~, A. Bignami, K. Weber, am] M. Osborn (198 lb). Vimel1lin, the
57 000 molecular wcight protein of fibroblast lïlaments, is the major cytoskeletal
componel1l in immature glia. Eur. J. CcII Biol. 24: 191-196.

David, S. (1988). Neurite outgrowth l'rom mammalian CNS neurons on astrocytes in
vitro may not be mediated primarily by laminin. J. Neurocytol. 17: 131-144.

David, S. (1993). A re-cvaluation of the rolc of glia in central nervous system
regeneration. In Advances in neural science, Vol. 1 (S.K. Malhotra, Ed.), pp. 103-121.
Jai Press, Connecticut.

David, S., and T. Crossfield-Kunze (1985). A monoclonal antibody that recognizes a
subpopulation of astrocytes in culture. Soc. Neurosci. Abstr. Il: 1066.

David, S., and R. Ness (1993). Heterogeneity of reactive astrocytes. In Biology and
pathology of astrocyte-neuron interactions, Vol. 2 (S. Fedoroff, B.HJ. Juurlink and R.
Doucette, Eds.), pp. 303-312. Plenum Press, New York.

Davis, B.I-I., B.M. Pratt, and J.A. Madri (1987). Retino\ and extracellular collagen
matrices modulate hepatic ho cell collagen phcnotype and cellular retinol binding protein
levels. J. Biol. Chem. 262: 10280-10286.

DeArmond, SJ., Y.-L. Lee, H.A. Kretzschmar, and L.F. Eng (1986). Turnover of glial
filaments in mouse spinal cord. J. Neurochem. 47: 1749-1753.

Deck, J.H.N., and LJ. Rubinstein (1981). Glial fibrillary acidic protein in stromal cells
of some capillary hemangioblastomas: significance and possible implications of an
immunoperoxidase study. Acta Neuropathol. 54: 173-181.

Del Rfo-Hortega, P. (1919). El "tercer elemento" de los centros nerviosos. Boletin Soc.
Esp. Biol. Madrid 9:69-120.

Denis-Donini, S., J. G1owinski, and A. Prochiantz (1984). Glial heterogeneity may define
the three-dimensional shape of mouse mesencephalic dopaminergic neurones. Nature
307:641-643.

De Vellis, J. (1993). Supporting cells: central and peripheral. ln Neuroregeneration (A.
Gorio, Ed.), pp. 61-75. Raven Press, New York.



•

•

15.1

Dickson, G., I·U. Gower, C.H. Barton. II.M. l'r~nli~~. Y.L. Eisom. S.E. Moon" R.\).
Cox, C. Quinn, W. l'Ull. anù F.S. Walsh (l')!!?). IlInnan muscl~ neural ~ell adhesion
molecule (N-CAM): identification of a muscle-sp~cii ic sequence in the eXlraccllular
ùomain. CcII 50: 1119-1 130.

Dodd, J., S.B. Morton, D. Karagogeos, M. Yamamoto, and T. M. Jessell (l')!!!!). Spatial
regulation ofaxonal glycoprotein expression on suhsets of embryonic spinal neuruns.
Neuron 1: 105-116.

Doeberitz, C.Y.K.,J. Sievers, M. Sadler, F.-W.l'ehlemann. M. Berry, and P.llalliwell
(1986). Destruction of meningeal cells over the newborn hamster cerebellum with 6
hydroxydopamine prevents foliation and laminalion in the rostral eerehellum.
Neuroscience 17:409-426.

Doher!)'. P., S.Y. Ashton, S.D. Skaper, A. Leon. and F.S. Walsh (1992<1). Ganglioside
modulation cf neural cell adhesion molecule and N-cadherin-dependenl neurite outgrowth.
J. Cell Biol. 117: 1093-1099.

Doherty, P., J. Cohen, and F.S. Walsh (1990a). Neurile outgrowth in response 10
transfected N-CAM changes during development and is modulated by polysi<llic acid.
Neuron 5:209-219.

Doherty, P., M. Fruns, P. Seaton, G. Dickson, CIl. Barton, T.A. Se<lrs. <lnù F.S.
Walsh (1990b). A threshold effect of the major isoforms of NCAM on neurite outgrowth.
Nature 343:464-466.

Doherty, P., C.E.C.K. Moolenaar, S.Y. Ashlon. R.J.A.M. Michalides, anù F.S. W<llsh
(1992b). The VASE exon downregulates the neurile growth-promoting activity of NCAM
140. Nature 356:791-793.

Doherty, P., G. Rimon, D.A. Mann, and F.S. Walsh (1992c). Allernative splicing of the
cytoplasmic domain of neural cell adhesion molecule allers ils abilily 10 act as a substrate
for neurite outgrowth. J. Neurochem. 58:2338-2341.

Doherty, P., S.D. Skaper, S.E. Moore, A. Leon, and F.S. Walsh (1992d). A
developmentally regulated switch in neuronal responsiveness to NCAM anù N-cadherin
in the rat hippocampus. Development. 115:885-892.

Doherty, P., and F.S. Walsh (1992). Cell adhesion molecules, second messengers and
axonal growth. Curr. Opin. Neurobiol. 2:595-601.

Drazba, J., and V. Lemmon (1990). The role of ccII adhesion molecules in neurite
outgrowth on Müller cells. Dev. Biol. 138:82-93.

Drejer, J., O.M. Larsson, and A. Schousboe (1982). Characterization of L-glutamate



•

•

154

uplake into and release l'rom astrocytes and neurons cullured l'rom different brain regions.
Exp. Brain Rcs. 47:259-269.

D'SouZ<"I, S.E., M.II. Ginsberg, T.A. Burke, S.e.-T. Lam, and E.F. Plow (1988).
Localizalion of an Arg-Gly-Asp recognition sile wilhin an inlegrin adhesion receptor.
Science 242:91-93.

Edgar, D., R. Timpl, and II. Thoenen (1984). The heparin-binding domain of laminin
is responsihle for ils effeclS on neurite outgrowth and neuronal survival. EMBO J.
3: 1463-1468.

Edmondson, J.C., and M.E. Hatten (1987). G1ial-guided granule neuron hligration in
vitro: a high-resolution time-lapse video microscopic study. J. Neurosci. 7: 1928-1934.

Edmondson, J.C., R.K.H. Liem, J.E. Kuster, and M.E. Hatten (1988). Astrotactin: a
novel neuronal cell surface antigen that mediates neuron-astroglial interactions in
cerebellar microcultures. J. Cell Biol. 106:505-517.

Edwards, M.A., M. Yamamoto, and V.S. Caviness, Jr. (1990). Organization of radial
glia and related cells in the developing murine CNS. An analysis based upon a new
monoclonal antibody marker. Neuroscience 36: 121-144.

Eisenbarth, G.S., F.S. Walsh, and M. Nirenberg (1979). Monoclonal antibody to a
plasma membrane antigen of neurons. Proc. N<.ll. Acad. Sci. USA 76:4913-4917.

Elices, M.J., and M.E. Hemler (1989). The human integrin VLA-2 is a eollagen receptor
on some eells and a eollagen/laminin receptor on others. Proe. Natl. Aead. Sei. USA
86:9906-9910.

Eliees, M.J., L. Osborn, Y. Takada, C. Crouse, S. Luhowskyj, M.E. Hemler, and R.R.
Lobb (1990). VCAM-l on aetivated endothelium interaels with the leukoeyte integrin
VLA-4 at a site distinct from the VLA-4lfibroneetin binding site. Cell 60:577-584.

Eng, L.F., M.E. Smith, J. de Vellis, and R.P. Skoff(1985). Reeentstudies of the glial
fibrillary aeidie protein. Ann. N. Y. Aead. Sei. 455:525-537.

Eng, L.F., E. Stiieklin, Y.-L. Lee, R.A. Shiurba, F. Coria, M. Halks-Miller, C.
Mozsgai, G. Fukayama, and M. Gibbs (1986). ASlrocyte culture on nitrocellulose
membranes and plastic: delection of cytoskeletal proteins and mRNAs by
immunocytochemistryand in situ hybridization. J. Neurosci. Res. 16:239-250.

Engvall, E., G.E. Davis, K. Dickerson, E. Ruoslahti, S. Varon, and M. Manthorpe
(1986). Mapping of domains in human laminin using monoclonal antibodies: localization
of the neurite-promoting site. J. Cell Biol. 103:2457-2465.



•

•

155

Erickson. 1-1. P.• and J. L. Inglesias (1984). A six-:trmcd oligomcr isol'Ilcd rrom ccII
surrace Iïbronectin preparations. Naturc 311 :267-269.

Esiri. M.M., and C.S. Morris (1991). Inllllunocytochcmicai study or macrophages and
microglial cells and extracellular matrix componenls in human CNS diseuse. 2. Non
neoplastic diseases. J. Neurol. Sci. 101:59-72.

Faissner, A., and J. Kruse (1990). J\/tenascin is a rcpulsive substratc tOI' ccutr<ll ncrvous
system neurons. Neuron 5:627-637.

Faissner, A., J. Kruse, J. Niekc, and M. Schachner (1984). Exprcssion or ncural ccII
adhesion molecule LI during development. inneurologicalmutants and in lhe peripheral
nel'VOUS system. Dev. Brain Res. 15:69-82.

Faissner, A., D.B. Teplow, D. Kübler, G. Keilhauer, V. Kinzcl, and M. Schachncr
(1985). Biosynthesis and membrane topography of the neural cell adhesion moleculc LI.
EMBO J. 4:3105-3113.

Fallon, J.R. (1985a). Preferential outgrowth of central nervous system neuritcs on
astrocytes and Schwann cells as compared with nongl ial cells in vitro. J. CcII Biol.
100: 198-207.

Fallon, J. R. (1985b). Neurite guidance by non-neuronal cells in culture: preferential
outgrowth of peripheral neurites on glial as compared to nonglial cell surfaces. J.
Neurosci. 5:3169-3177.

Farrer, C.B. (1907). The embryonic pia. Am. J. lnsan. 63:295-299.

Fazekas de ST. Groth, S., and D. Scheidegger (1980). Production of monoclonal
antibodies: strategy and tactics. J. Immunol. Methods 35: 1-21.

Fedoroff, S. (1985). Macroglial celllineages. In Molecular bases of neural devclopment
(G.M. Edelman, W.E. Gall and W.M. Cowan, Eds.), pp. 91-117. Wiley, New York.

Fedoroff, S., and L.C. Doering (1980). Colony culture of neural cells as a model for the
study ofcelllineages in the developing CNS: the astrocyte celllineage. Curr. Top. Dev.
Biol. 16:283-304.

Fedoroff, S., W.AJ. McAuley, J.O. Houle, and R.M. Devon (1984a). Astrocyte cell
lineage. V. Similarity of astrocytes that form in the presence of dBcAMP in cultures to
reactive astrocytes in vivo. J. Neurosci. Res. 12: 15-27.

Fedoroff, S., J. Neal, M. Opas, and V.l. Kalnins (l984b). Astrocyte celllineage. III.
The morpho10gy of differentiating mouse astrocytes in colony culture. J. Neurocytol.
13: 1-20.



•

•

156

Fedoroff, 5., R. While, J. Neal, L. Subrahmanyan amI V.1. Kalnins (\983). Astrocyle
ccII lineage. II. Mouse fibrous astrocytes and reaclive astrocytes in cultures have
vimenlin- and GFI'-conlaining intermed iale filamenls. Dev. Brain Res. 7: 303-315.

Feinstein, D.L., G.A. \Veinmasler, and lU. Milner (1992). Isolation ofeDNA clones
encoding rat glial Iïbrill,h'y acidic prolein: expression in astrocytes and in Schwann cells.
J. Neurosci. Res. 32: 1-14.

Fischer, G., V. Künemund, and M. Schachner (1986). Neurite outgrowth patterns in
cerebellar microexplant cultures are affected by aIII ibod ies to the cell surface glycoprotein
LI. J. Neurosci. 6:605-612.

Fishell, G., and M.E (-(atten (\991). Astrolactin provides a receptor system for glia
guided neuronal migration. Development 113: 755-765.

Fishman, R.B., and M.E. Hatten (\993). Multiple rtceptor systems promote CNS neural
migration. J. Ncurosci. 13:3485-3495.

Flexncr, L.B. (\929). Devclopment of the meninges in Amblystoma. Contr. Embryol.
Carnegie Ins!. 20:31-50.

Fonnum, F., J. Storm-Mathisen, and 1. Divac (\981). Biochemical evidence for glutamate
as neurotransmitter in the corticostriatal and corticothalamic fibres in rat brain.
Neuroscience 6: 863-873.

Frazier, W.A. (1987). Thrombospondin: a modular adhesive glycoprotein ofplatelets and
nucleated cells. J. Cell Biol. 105:625-632.

Frederiksen, K., and R.D.G. McKay (\988). Proliferation and differellliatior. of rat
neuroepithelial precursor cells in vivo. J. Neurosci. 8: 1144-1151.

Fridman, R., Z. Fuks, H. Ovadia, and 1. Vlodavsky (1985). Differentiai structural
requirements for the induction of cell attachment, proliferation and differentiation by the
extracellular matrix. Exp. Cell Res. 157:181-194.

Frohman E.M., T.C. Frohman, M.L. Dustin, B. Vayuvegula, B. Choi, A. Gupta, S. van
den Noort, and S. Gupta (1989). The induction of intercellular adhesion molecule 1
(ICAM-I) expression on human fetal astrocytes by interferon-T, tumor necrosis factor-O!,
Iymphotoxin, and illlerieukin-I: relevance to intracerebral antigen presentation. J.
Neuroimmunol. 23: 117-124.

Fujita, S. (1963). The matrix cell and cytogenesis in the developing central nervous
system. J. Camp. Neurol. 120:37-42.

Fulcrand, J., and A. Privat (1977). Neuroglial reactions secondary to Wallerian



•

•

1:'7

degeneration in the optic nerve of the postnatal rat: 1Iitrastrllcturai and l\ualll itat ivc stlldy,
J. Comp. Neurol. 176: 189-224.

Furley, A.J., S.B. Morton, D. Manalo, D. Karagllgeos, J. Dodd. and 'LM. Jcsscll
(1990). The axonal glycoprotein TAG-I is an immunllglohnlin snperfmnily mcmhcr \Vith
neurite outgrowth-promoting activity. CcII 61: 157-170.

Gailit, J., and E. Ruoslahti (\988). Regulation of the tïhroncclin receptor aflïnily ily
divalent cations. J, Biol. Chem. 263: 12927-12932.

Gao W.-Q., and M.B. Hatten (1993). Neuronal dilTerentiation reseued hy imp\alll:ltion
of weaver granule ccII precursors into the wild:IYlTL' cerebellar cortex. Science 260:367
369.

Gardner-Medwin. A.R.• LA. Coles, and M. Tsacopoulos (1981). Clearance of
extracellular potassium: evidence for spatial butTering by glial eclls in the retina of the
drone. Brain Res. 209:452-457.

Gasser, U. 13., and M. E. Hatten (l990a). Neuron-glia interaclions of rat hippocampal ccIls
in vitro: glial-guided neuronal migration and neuronal regulation of glial diffcrenlialion.
J. Neurosci. 10: 1276-1285.

Gasser, U.B., and M.B. Hatten (1990b). Central nervous system neurons migrate on
astroglial fibers l'rom heterotypic brain regions in vitro. Proc. Natl. Acad. Sci. USA
87:4543-4547.

Gatchalian, C.L., M. Schachner, and J.R. Sanes (\989). Fibroblasts lhat prolil'crate near
denervated synaptic sites in skeletal muscle synthesize the adhesive molccules tenascin
(JI), N-CAM, fibronectin, and a heparan sulfate proteoglycan. J. Cell Biol. 108: 1873
1890.

Geiger, B., and O. Ayalon (1992). Cadherins. Ânnu. Rev. Cell Biol. 8:307-332.

Geisert, 13.13. Jr., T.P. Murphy, M.H. Irwin, and Il. Larjava (1991). Â novel ccII
adhesion mo1ecule, G-CAM, found on cultured rat glia. Neurosci. lett. 133:262-266.

Gennarini, G., G. Cibelli, G. Rougon, M.-G. Mattei, and C. Goridis (1 989a). The
mouse neuronal cell surface protein F3: a phosphatidylinositol-anchored member of the
immunoglobulin superfamily related to chicken contactin. L Cell Biol. 109:775-788.

Gennarini, G., P. Durbec, A. Boned, G. Rougon, and C. Goridis (991). Transfected
F3/F11 neuronal ccII surface protein mediates inlercellular adhesion and promoles neurite
outgrowth. Neuron 6:595-606.

Gennarini, G., G. Rougon, F. Vitiello, l'. Corsi, C. Di Benedetta, and C. Ooridis



•

•

158

(1989b). Idcntification and cDNA cloning of a ncw mcmbcr of the L2/1-1NK-I family of
ncural surface glycoprotcins. J. Ncurosci. Res. 22: 1-12.

Gershon, M.D., and 1'.1'. Rothman (1991). Enleric glia. Glia 4: 195-204.

Gil, D.R., and G.D. Rallo (1973). Contribution to thc study of the origin of
leptomeningcs in thc human embryo. Acta Anal. 85:620-623.

Giulian, D., and L.B. Lachman (1985). Illlerlcukin-1 stimulation of astroglial
prolilèration aCter brain injury. Science 228:497-499.

Gloor, S., 1·1. Antonicck, K.J. Sweadncr, S. l'agliusi, R. Frank, M. Moos, and M.
Schachncr (1990). The adhesion molecule on glia (AMOG) is a homologue of the (3
subunit of the Na,K-ATl'ase. J. Cell Biol. 110: 165-174.

Goldman, J.E., and F.-C. Chiu (l984a). Growth kinetics, ccII shape, and the
cytoskeleton of primary astrocyte cultures. J. Neurochem. 42: 175-184.

Goldman, J.E., and F.-C. Chiu (l984b). Dibulyryl cyclic AMI' causes intermediate
filament accumulation and actin reorganization in aslrocytes. Brain Res. 306:85-95.

Goldman, J.E., S.S. Geier, and M. Hirano (1986). Differentiation of astrocytes and
oligodendrocytes l'rom germinal matrix cells in primary culture. J. Neurosci. 6:52-60.

Goldman, J.E., M. Hirano, R.K. Yu, and T.N. Seyfried (1984). GD3 ganglioside is a
glycolipid characteristic of immature neuroectodermal cells. J. Neuroimmunol. 7: 179
192.

Goodwin, L. J.E. Hill, v.. Raynor, L. Raszi, M. Manabe, and P. Cowin (1990).
Desmoglein shows extensive homology to the cadherin family of cell adhesion molecules.
Biochem. Biophys. Res. Commun. 173: 1224-1230.

Gospodarowicz, O., R. Gonzalez, and O.K. Fujii (1983). Are factors originating l'rom
serum, plasma, or cultured cells involved in the growth-promoting effect of the
extracellular matrix produced by cultured bovine corneal endothelial cells? J. Cell.
l'hysiol. 114: 191-202.

Gower, 11.1., C.U. Barton, V.L. Eisom, J. Thompson, S.E. Moore, G. Dickson, and
F.S. Walsh (1988). Alternative splicing generates a secreted form of N-CAM in muscle
and brain. Cell 55:955-964.

Gregory, W.A., J.C. Edmondson, M.E. Hatten, and C.A. Mason (1988). Cytology and
neuron-glial apposition of migrating cerebellar granule ceIls in vitro. J. Neurosci. 8: 1728
1738.



•

•

15'1

Grumet, M. (1991). Cell adhesion molecules and lhcir subgrollps in the nervolls system.
Curr. Opin. Neurobiol. 1:370-376.

Grumet, M., and G.M. Edelman (1988). Neuron-glia ccII 'Idhesion l1\oleclile inleracts
with neurons and astroglia via different binding lllechanisl1\s. J. CcII Biol. IOb:487-5U3.

Grumet, M., S. Hoffman, C.-M. Chuong, and Ci.M. Edclman (1984'1). Polypeptidc
components and binding functions of nellron-glia ccII adhesion molecll\cs. Pmc. N'Ill.
Acad. Sci. USA 81:7989-7993.

Grumet, M., S. Hoffman, K. L. Crossin, and G. M. Edelillan (1985). Cylolactin. an
extracellular matrix prolein of neural and non-ncural tissues that mediates glia-nellron
iIlteraction. l'roc. Natl. Acad. Sci. USA 82:8075-8079.

Grumet, M., S. Hoffman, and G.M. Edclman (1984b). Two aIltigenically rcl;lIed
neuronal cell adhesion molecules of dilTerenl specilïcilies mediate neuron-neuron and
neuron-glia adhesion. l'roc. Natl. Acad. Sci. USA 81 :267-271.

Grumet, M., V. Mauro, M.p. Burgoon, G.M. Edelman, and B.A. Cunningham (1991).
Structure of a new nervous system glycoprotein, Nr-CAM, and its relalionship to
subgroups of neural cell adhesion molecules. J. CcII Biol. 113: 1399-1412.

Grunwald, G.B. (1993). The structural and funclional analysis of cadherin calcium
dependent cell adhesion molecules. Curr. Opin. CcII Biol. 5:797-805.

Grunwald, G.B., R.S. Pratt, and J. Lilien (1982). Enzymic dissection of embryonie ccII
adhesive mechanisms. III. Immunological identification of a component of the calcium
dependent adhesive system of embryonic chick neural retina cells. J. CcII Sei. 55:69-83.

Gulcher, J.R" D.E. Nies, L.S. Marlon, and K. Stefansson (1989). An alternalively
spliced region of the human hexabrachion conlains a repeat of potential N-glycosylation
sites. l'roc. Natl. Acad. Sci. USA 86: 1588-1592.

Hal l'ter, W., E. Reinhard, D. Liverani, R. Orlman, and D. Monard (1989).
Immunocytochemicallocalization of glia-derived nexin, laminin and Iïbroneclin on the
surface or extracellular matrix of C6 rat glioma cells. astrocytes and fibroblasLs. Eur. J.
Neurosci. 1:297-308.

Hall, D.E., K.M. Neugebauer, and L.F. Reichardt (1987). Embryonic neural retinal ccII
response to extracellular matrix proteins: developmental changes and effeclS of the ccII
substratum attachment antibody (CSAT). J. Cell Biol. 104:623-634.

Hansson, E. (1988). Astroglia l'rom defined brain regions as studied with primary
cultures. l'rog. Neurobiol. 30:369-397.



•

•

160

lIariow. E.. and D. Lane (1988). Antibodies: a laboratory manual. pp.434. Cold Spring
lIarbor Laboralory Press. New York.

lIartmann. D.• J. Sievers. F.-W. Pehlemann. and M. Berry (1992). Destruction of
meningeal cells over the medial cerebral hemisphere of newborn hamsters prevents the
formation of the infrapyramidal blade of the dentate gyrus. J. Comp. Neurol. 320:33-61.

lIarvey. S.C., and I·I.S. Burr (1924). An experimental study of the origin of the
meninges. l'roc. Soc. Exp. Med. 22:52-53.

Harvey. S.c.. and 1-I.S. Burr (1926). The developmenl of the meninges. Arch. Neurol.
Psychiat. 15:545-567.

Ilatamochi, A., M. Aumailley, C. Maudl. M.-L. Chu. R. Timpl, and T. Krieg (1989).
Regulation of collagen VI expression in fibroblasts. J. Biol. Chem. 264:3494-3499.

Ilatta. K.• A. Nose. A. Nagafuchi, and M. Takeichi (1988). Cloning and expression of
cDNA encoding a neural calcium-dependent cell adhesion molecule: its identity in the
cadherin gene family. J. Cell Biol. 106:873-881.

Hatten, M. E. (1985). Neuronal regulation of astroglial morphology and proliferation in
vitro. J. Cell Biol. 100:384-396.

Hatten, M.E. (19!!7). Neuronal inhibition of astroglial cell proliferation is membrane
mediated. J. Cell Biol. 104: 1353-1360.

Hatten. M.E. (1990). Riding the glial monorail: a common mechnism for glial-guided
neuronal migration in different regions of the developing mammalian brain. Trends
Neurosci. 13: 179-184.

Hatten, M.E., M.B. Furie, and D.B. Rifkin (1982). Binding of developing mouse
cerebellar cells to fibronectin: a possible mechanism for the formation of the external
granular layer. J. Neurosci. 2: 1195-1206.

Hatten, M. E., R.K.H. Liem, and C.A. Mason (1984). Two forms ofcerebellar glial cells
interact different\y with neurons in vitro. J. Cell Biol. 98: 193-204.

Hatten, M.E., R.K.H. Liem, and C.A. Mason (1986). Weaver mouse cerebellar granule
neurons fail to migrate on wild-type astroglial processes in vitro. J. Neurosci. 6:2676
2683.

Hatten, M.E., and M.L. Shelanski (1988). Mouse cerebellar granule neurons arrest the
proliferation of hUlllan and rodent astrocytoma cells in vitro. J. Neurosci. 8: 1447-1453.

Hautanen, A., J. Gailit, D.M. Mann, and E. Ruoslahti (1989). Effects of modifications



•

•

lbl

of the RGD sequence and its eontext on recognition hy the tïbronectin receptoL J. Biol.
Chem. 264: 1437-1442.

Ile, H.-T., J. Barbet, J.-C. Chaix, and C. (;oridis (1986). l'hosphatidylinositol is
involved in the membrane aUaehment of NCAM-120, the smallest component of the
neural cell adhesion moleeule. EMBO J. 5:2489-2494.

Hemler, M.E. (1990). VLA proteins in the integrin family: structures, functions, and
their role on leukoeytes. Annu. Rev. Immunol. 8:365-400.

Hernandez, M.R., X.X. Luo, W. Andrzejewska, and A.II. Neufeld (1989). Age-rclated
changes in the extracellular matrix of the hunmn optie nerve head. Am. J. Ophthal.
107:476-484.

Hernandez, M.R., N. Wang, N.M. Hanley, and A.II. Neufeld (\991). Localization of
eollagen types 1 and IV mRNAs in human optic nerve head by in situ hybridization.
Invest. Ophthal. Visual Sci. 32:2169-2177.

Herndon, M.E., and A.D. Lander (1990). A diverse set of developmentally regulated
proteoglycans is expressed in the rat central nervous system. Neuron 4:949-961.

Hertz, L., D.E. McFarlin, and B.B. Waksman (199(). Astrocytes: auxiliary cells for
immune responses in the central nervous system'? Inllnunol. Today Il :265-268.

His, W. (1889). Die Neuroblasten und deren Enlstehung im embryonalen. Mark.
Abhandl. Math. Phys. KI. Kônigl. Sachs. Ges. Wissen. 15:313-372.

Hockfield, S., and R.D.G. McKay (1985). Identification of major ccII classes in the
developing mammalian nervous system. J. Neurosci. 5:3310-3328.

Hoffman, S., K.L. Crossin, and G.M. Edelman (1988). Molecular forms, binding
functions, and developmental expression patterns of cytotactin and cytotaetin-binding
proteoglycan, an interactive pair ofextracellular matrix molecules. J. Cell Biol. 106:519
532.

Hoffman, S., and G.M. Ede1man (1983). Kinetics of homophilic binding by embryonic
and adult forms of the neural cell adhesion molecule. Proc. Natl. Acad. Sci. USA
80:5762-5766.

Hoffman, S., and G.M. Edelman (1987). A proteoglycan with HNK-I antigenic
determinants is a neuron-associated ligand for cYlotactin. Proc. Natl. Acad. Sci. USA
84:2523-2527.

Holton, J.L., T.P. Kenny, P.K. Legan, J.E. Collins, J.N. Keen, R. Sharma, and D.R.
Garrod (1990). Desmosomal glycoproteins 2 and 3 (desmocol1ins) show N-terminal



•

•

162

similarity 10 ealeium-dependcnt ccli-ccli adhesion muleeules. J. Ccli Sei. 97:239-246.

Hurwitz, A., K. Duggan, C. Buck, M.C. Beckerlc, and K. Burridge (1986). Interaction
of plasma membrane fibronectin reeeptor with talin - a transmembrane linkage. Nature
320:531-533.

lIurwitz, A.F., K.A. Knudsen, C.II. Damsky, C. Deeker, C.A. Buck, and N.T. Neff
(1984). Adhesion-related integral membrane glyeoproteins identified by monoclonal
antibodies. In Monoclonal antibodies and funetional cell lines (R.II. Kennell, K.B.
Bechtol and T.J. MeKearn, Eds.), pp. 103-118. Plenum Press, New York.

lIunkapiller, T., and L. 1I00d (1989). Diversity orthe immunoglobulin gene superfamily.
Adv. Immunol. 44: 1-63.

l'Iusmann, K., A. Faissner, and M. Schachner (1992). Tenascin promotes ccrebellar
granule ccli migration and neurite outgrowth by different domains in the fibronectin type
III repeals. J. Ccli Biol. 116: 1475-1486.

Ilynes, R.O. (1987). Inlegrins: a family of ccli surfacc reeeptors. Cell 48:549-554.

Ilynes, R.O. (1992). Integrins: versatility, modulation, and signaling in ccli adhesion.
Cell 69: 11-25.

lIynes, R.O., and A.D. Lander (1992). Contact and adhesive specificities in the
associations, migrations, and targeting of cells and axons. Cell 68: 1-20.

Ignatius, M.J., and L.F. Reichardt (1988). Identification ofa neuronallaminin receptor:
an Mf 200K/120K integrin heterodimer that binds laminin in a divalent cation-dependent
manner. Neuron 1:713-725.

Inuzuka, Il., S. Miyatani, and M. Takeichi (1991). R-cadherin: a novel Ca2+-dependent
ccll-cell adhesion molecule expressed in the retina. Neuron 7:69-79.

Jacobson, M. (1978). Developmental Neurobiology. 2nd ed. Plenum Press, New York.

Janzer, R. C., and M. C. Raff (1987). Astrocyles induce blood-brain barrier properties in
endothelial cells. Nature 325:253-257.

Jessell, T.M., M.A. lIynes, and J. Dodd (1990). Carbohydrates and carbohydrate
binding proteins in the nervous system. Annu. Rev. Neurosci. 13:227-255.

Jessen, K.R., and R. Mirsky (1980). Glial cells in the enterï.:: nervous system contain
glial fibrillary acidic protein. Nature 286:736-737.

Jones, F.S., M.P. Burgoon, S. 1I0ffman, K.L. Crossin, B.A. Cunningham, and a.M.



•

•

Ih)

Edelman (1988). A cDNA clone for cytotactin cllntains sequences similar III epidermal
growth factor-like repeats and segments of IïlJronectin and lïbrinogen. l'roc. Nall. Acad.
Sei. USA 85:2186-2190.

Jones, F.S., S. HolTman, B.A. Cunningham, ami li.M. Edelman (1989). A detailed
structural model ofcytotactin: protein homologies. alternative RNA splicing, and binding
regions. Proc, Natl. Acad. Sei. USA 86: 1905-1909.

Juliano, R.L., and S. I-Iaskill (1993). Signal transduction fromthc eXlraceliular matrix.
J. Cell Biol. 120:577-585.

Kartcnbcck, J., K. Schwcchheimer, R. MolI, and W.W. Frankc (1984). Allachmenlof
vimentin filaments to desmosomal plaques in human meningiomal cells and arachnoidal
tissue. J. CcII Biol. 98: 1072-1081.

Kayyem, J.F., J.M. Roman, E.J. de la Rosa, U. Schwarz, and W.J. Dreyer (1992).
Bravo/Nr-CAM is c10sely relatcd to the cell adhcsion molecules LI and Ng-CAM and
has a similar heterodimer structure. J. CcII Biol. 118: 1259-1270.

Keilhauer, G., A. Faissner, and M. Schachner (1985). Differentiai inhibilion of neurone
neurone, neurone-astrocyte and astrocyte-astrocyte adhesion of LI, L2 and N-CAM
antibodies. Nature 316:728-730.

Klein, G., M. Langegger, R. Timpl, and P. Ekblom (1988). Role oflaminin A chain in
the development of epithelial cell polarity. Cell 55:331-341.

Kleinman, H.K., 1. Ebihara, P.D. Killen, M. Sasaki, F.B. Cannon, Y. Yamada, ami
G.R. Martin (1987). Genes for basement membrane proleins are coordinalely expressed
in differentiating F9 cells but not in normal adullmurinc tissues. Dev. Biol. 122:373-378.

Knudsen, K.A., and M.J. Wheelock (1992). Plakoglobin, or an 83-kD homologue dislinct
l'rom l3-calenin, inleracls wilh E-cadherin and N-cadherin. J. Cell Biol. 118:671-679.

Koch, P.J., M.J. Walsh, M. Schmelz, M.D. Goldschmidl, R. Zimbelmann, and W.W.
Franke (1990). Identification of desmoglein, a constilulive desmosomal glycoprolein, as
a member of the cadherin family of cell adhcsion molecules. Eur. J. CcII Biol. 53: 1-12.

Kônig, A., and L. Bruckner-Tuderman (1992). Transforming growlh faclor-13 stimulatcs
collagen VII expression by eulaneous cells in vilro. J. CcII Biol. 117:679-685.

Kornilova, E.S., D. Taverna, W. Hoeck, and N.E. Ilyncs (1992). Surface expression of
erbB-2 prolein is post-transcriptionally regulated in mammary epithelial cells by
epidermal growlh faclor and by the culture density. Oncogene 7:511-519.

Krisch, B., H. Leonhardt, and A. Oksche (1984). Compartmenls and perivascular



•

•

164

arrangement of the meninges covering the cerebral wrlex of the rat. Cell Tissue Res.
238:459-474.

Krivko, I.M., D.A. Rusakov, S.V. Savina, G.G. Skibo, and V.A. Berezin (1993).
Changes in the neural ccII adhesion molecule patterns on the rat glial ccII surfaces with
development and contact formation in vitro. Neurosci. Lett. 154: 17-19.

Kruse, J., G. Keilhauer, A. Faissner, R. Timpl, and M. Schachner (1985). The JI
glycoprotein - a novcl nervous system ccII adhesion molecule of the L2/1-1NK-l family.
Natnre 316:146-148.

Kruse, J., R, Mailhammer, H. Wernecke, A. Faissner, 1. Sommer, C. Goridis, and M.
Schachner (1984). Neural cell adhesion molecules and myelin-associated glycoprotein
share a common carbohydrate moiety recognized by monoclonal antibodies L2 and HNK
1. Nature 311: 153-155.

Kuhn, T.B., E.T. Stoeckli, M.A. Condrau, F.G. Ralhjen, and P, Sonderegger (1991).
Neurite outgrowth on immobilized axonin-I is medialed by a heterophilic interaction with
LI (G4). J. Cell Biol. 115: 1113-1126.

Kumazaki, T., R.S. Robetorye, S.C. Robetorye, and J.R. Smith (1991). Fibronectin
expression increases during in vitro cellular senescence: correlation with increased cell
area. Exp. Cell Res. 195:13-19.

Laenllnli, U. K. (1970). Cleavage of structural proteins during the assembly of the head
of bacteriophage T4. Nature 227:680-685.

Lagunowich, L.A., and G.B. Grunwald (1989). Expression of calcium-dependent cell
adhesion during ocular developmenl: a biochemical, histochemical and funetional
analysis, Dev. Biol. 135:158-171.

Lagunowich, L.A., J.C. Schneider, S. Chasen, and G.B. Grunwald (1992).
Immunohistochemical and biochemical analysis of N-cadherin expression during CNS
development. J. Neurosci. Res. 32:202-208.

Lander, A. D. (1989). Understanding the molecules of neural cell contacts: emerging
patterns of structure and function. Trends Neurosci. 12: 189-195.

Landis, D. M. D. , and T.S. Reese (1974). Arrays of particies in freeze-fractured astrocytic
membrane. J. Cell Biol. 60:316-320.

Landis, D.M.D., and T.S. Reese (1981). Membrane structure in mammalianastrocytes:
a review of freeze-fracture studies on adult, developing, reactive and cultured astrocytes.
J, Exp. Biol. 95:35-48.



•

•

165

ulwler, J. (1986). The structural and funl'tional prupcrlics of thrombospondin. Blood
67: 1197-1209.

Lawler, J., M. Duquelle, C.A. Whillaker, J.C. Adams, K. Mellenry, and D.W.
DeSimone (1993). Idenli Iïcalion and characteril.al ion of Ihrumbospollll in-4. a new
member of the thrombospondin gene family. J. CcII Biol. 120: 1059-1067.

Lawler, J.W., H.S. Slayter, and J. E. Coligan (1978). Isolation and charaeleriZalion of
a high molecular weight glycoprotein l'rom human blood plalelels. J. Biol. Chem.
253:8609-8616.

Lehmann, S., S. Kuchler, M. Theveniau, G. Vinccndon, and J.-I'. Zanella (1990). An
endogenous lectin and one of its neuronal glyeoprutein ligands are involved in contacl
guidance of neuron migration. l'roc. Natl. Aead. Sei. USA 87:6455-6459.

LeLièvre, C. (1976). Contribution des crêles neurales à la genèse des slructures
céphaliques et cervicales chez les oiseaux. Thesis. pp. 240. University of Nantes, Nantes.

Lemmon, V., K.L. Farr, and C. Lagenaur (1989). L1-mediated axon oulgrowth oceurs
via a homophilie binding mechanism. Neuron 2: 1597- 1603.

Lemmon, V., and S.C. McLoon (1986). The appearancc of an L1-like molecule in the
chiek primary visual pathway. J. Neurusci. 6:2987-2994.

Lendahl, U., L.B. Zimmerman, and R.D.G. McKay (1990). CNS stem cclls express a
new class of intermediate filament protein. CcII 60:585-595.

Lerea, L.S., and K.D. MeCarthy (1989). ASlroglial cells in vitro are heterogeneous with
respect to expression of the O!,-adrenergic receptor. Glia 2: 135-147.

Letourneau, P.C., A.M. Madsen, S.L. l'alm, and L.T. Furcht (1988). Immunoreactivily
for laminin in the developing ventral longitudinal palhway of the brain. Dev. Biol.
125: 135-144.

Levi, G., V. Gallo, and M.T, Ciotti (1986). Bipolenlial precursors of putative fibrous
astrocytes and oligodendroeytes in rat cerebellar cultures express distincl surface fealures
and "neuron-like" r-aminobulyric acid lransport. l'roc. Nat!. Acad. Sei. USA 83: 1504
1508.

LeVine, S.M., and J.E. Goldman (1988). Embryonic divergence of oligodendrocyle and
aslrocyle lineages in developing rat cerebrum. J. Neurosci. 8:3992-4006.

Levill, P., and p. Rakie (1980). Immunoperoxidase localizalion of glial fibrillary acidic
prolein in radial glial cells and aslrocyles of lhe developing rhesus monkey brain. J.
Comp. Neuro!. 193:815-840,



•

•

166

Lewis, S.A., J.M. Balearek. V. Krek. M. Shelanski. amI N.J. Cowan (1984). Sequence
of a eDNA clone encoding mouse glial lïbrillary acidic protein: structural conservation
or intermediate filaments. l'roc. Natl. Acad. Sci. USA 81 :2743-2746.

Lewis. S.A.• and N.J. Cowan (1985). Temporal expression of mouse glial fibrillary
acidic proiein mRNA studied by a rapid in SilU hybridization procedure. 1. Neuroehem.
45:913-919.

Liesi. l'. (1985). Do neurons in the vertebrale CNS migrate on laminin? EMBO J.
4:1163-1170.

Liesi, l'.• D. Dahl. and A. Vaheri (1983). Laminin is produced by early rat astrocytes
in primary culture. J. Cell Biol. 96:920-924.

Liesi. l' .• and L. Risteli (1989). Glial cells of mammalian brain produce a variant form
of laminin. Exp. Neurol. 105:86-92.

Licsi. P., E. Trenkner. I-I.-U. Dodt. G. lIager. and W. Zieglgansberger (1992).
Neuronal migration and laminin - studies on the role of laminin, the neurite outgrowth
domain of the B2 chain, and cellular movemenls as revealed by infrared video. Soc.
Neurosci. Abstr. 18:925.

Lillien, 1.. E., and M.C. Raff( 1990). Differentiation signaIs in the CNS: type-2 astrocyte
development in vitro as a model system. Neuron 5: 111-119.

Lindner, J., J. Guenther, H. Nick, G. Zinser, H. Antonicek, M. Schachner, and D.
Monard (1986a). Modulation of granule cell migratiol1 by a glia-derived prolein. Proc
Natl. Acad. Sci. USA 83:4568-4571.

Lindner, J., F.G. Rathjen, and M. Schachner (1983). LI mono- and polyclonal antibodies
modify cell migration in early postnatal mouse cerebellum. Nature 305:427-430.

Lindner. 1., G. Zinser, W. Werz, C. Goridis, B. Bizzini, and M. Schachner (l986b).
Experimental modificalion of postnatal cerebellar granule cell migration in vitro. Brain
Res. 377:298-304.

Lindsay, R.M. (1986). Reactive gliosis. In ASlroeytes: cell biology and pathology of
astrocytes, Vol. 3 (S. Fedoroffand A. Vernadakis, Eds.), pp. 231-262. Academic Press,
New York.

Linnemann, D., and E. Bock (1986). Developmental study of detergent solubility and
polypeptide composition of the neural cell adhesion molecule. Dev. Nenfosci. 8:24-30.

Liu. 1.., S. Haines, R. Shew, and R.A. Akeson (1993). Axon growth is enhanced by
NCAM lacking the VASE exon when expressed in either the growth substrate Of the



•

•

Ib7

growing axon. J. Neurosci. Res. 35:327-345.

Lochter, A., L. Vaughan, A. Kaplony, A. Prochiantz, M. Schachner, and A. Faissner
(1991). Jlltenascin in substrate-bound and soluble fonn displays colllrary elTects on
neurite outgrowth. J. Cell Biol. 113: 1159-1171.

Luskin, M.B., A.L. Pearlman, and J.R. Sanes (1988). Celllineage in the cerebral cortex
of the mouse studied 'n vivo and in vitro with a recombinant retrovirus. Neuron 1:635
647.

Mackie, EJ., R. p. Tucker, W. Halfter, R. Chiquet-Ehrismann, and lUI. Epperiein
(1988). The distribution of tenascin coincides with pathways of neural crest ccll
migration. Development 102:237-250.

Magee, A.I., and R.S. Buxton (1991). Transmembrane molecular assemblies regul,lled
by the greater cadherin family. Curr. Opin. Cell Biol. 3:854-861.

Maier, C.E., M. Watanabe, M. Singer, I.a. McQuarrie, J. Sunshine, and U. Rutishauser
(1986). Expression and function of neural ccll adhesion molecule during lilllb
regeneration. l'roc. Natl. Acad. Sci. USA 83:8395-8399.

Malhotra, S.K., T.K. Shnitka, and J. Elbrink (1990). Reactive astrocytes - a review.
Cytobios 61: 133-160.

Martini, R., and M. Schachner (1988). Immunoelectron microscopie localization of
neural cell adhesion molecules (LI, N-CAM, and myelin-associated glycoprotein) in
regenerating adult mouse sciatic nerve. J. Cell Biol. 106: 1735-1746.

Matsunaga, M., K. Hatta, and M. Takeichi (1988). Role of N-cadherin cell adhesion
molecules in the histogenesis of neural retina. Neuron 1:289-295.

Mauro, V.P., L.A. Krushel, B.A. Cunningham, and a.M. Edelman (1992). Homophilie
and heterophilic binding activities of Nr-CAM, a nervous system cell adhesion molecule.
J. Cell Biol. 119: 191-202.

McCaffrey, T.A., DJ. Falcone, C.F. Brayton, L.A. Agarwal, F.a.p. Welt, and B.B.
Weksler (1989). Transforming growth factor-j3 activity is potentiated by heparin via
dissociation of the transforming growth factor-j3/cx,-macroglobulin inactive complex. J.
Cell Biol. 109:441-448.

McCarthy, K. D., and J. de Vell is (1980). Preparation of separate astroglial and
oligodendroglial ccll cultures l'rom rat cerebral tissue. J. Cell Biol. 85:890-902.

McCarthy, K.D., J. Prime, T. Harmon, and R. Pollenz (1985). Receptor-mediated
phosphorylation of astroglial intermediate filament proteins in cultured astroglia. J.



•

•

168

Neurochem. 44:723-730.

McCarthy, K.O., and A.K. Salm (1991). Pharmacologically-distinct subsets of astroglia
can bc idemilïed by their calcium response to neuroligands. Neuroscienee 41:325-333.

Mecham, R.P. (1991). Reccptors for laminin on mammalian cells. FASEB J. 5:2538
2546.

Mercurio, A.M. (1990). L'II11inin: multiple forms, multiple receptors. Curr. Opin. Ccli
Biol. 2:845-849.

Miale, l.L., and R.L. Sidman (1961). An autoradiographie analysis ofhistogenesis in the
mouse cerebellum. Exp. Neurol. 4:277-296.

Miller, lUI., S. David, R. PaLel, E.R. Abney, ami M.C. Raff (1985). A quanatitative
immunohistochemieal sludy of macroglial cell devclopment in the rat optic nerve: in vivo
evidence for two distinct glial cclllineages. Dev. Biol. 111:35-41.

Miller, lU-l., C. l'french-Constant, and M.C. RaiT (1989). The macroglial cells of the
rat optic nerve. Annu. Rev. Neurosci. 12:517-534.

Mirsky, R. (1980). Cell-type-specific markers in nervous system cultures. Trends
Neurosci. 3: 190-192.

Mirsky, R., and K.R. Jessen (1984). A cell surface protein of astrocytes, Ran-2,
distinguishes non-myelin-forming Schwann cells l'rom myelin-forming Schwann cells.
Dev. Neurosci. 6:304-316.

Misson, J.-P., C.P. Austin, T. Takahashi, C.L. Cepko, and V.S. Caviness, Jr. (199Ia).
The alignment of migrating neural cells in relation to the murine neopall ial radial glial
fiber system. Cereb. Cortex 1:221-229.

Misson, 1.-1'., M.A. Edwards, M. Yamamoto, and V.S. Caviness, Jr. (1988).
Identification of radial glial ceIls within the developing murine central nervous system:
sludies based upon a new immunohistochemicalmarker. Dev. Brain Res. 44:95-108.

Misson, j.-p., T. Takahashi, and V.S. Caviness, Jr. (199Ib). Ontogeny of radial and
other astroglial cells in murine cerebral cortex. Glia 4: 138-148.

Moonen, G., M. p. Grau-Wagemans, and I. Selak (1982). Plasminogen activator-plasmin
system and neuronal migration. Nature 298:753-755.

Morrison, R.S., J. de Vellis, Y.-L. Lee, R.A. BradsIJaw, and L.F. Eng (1985). Hormone
and growth factors induce the synthesis of glial fibrillary acidic protein in rat brain
astrocytes. J. Neurosci. Res. 14: 167-176.



•

•

lhl)

Morrissey, J.H. (1981). Silver stain for prulcins in polyacrylamidc gels: a 1110dilïcd
procedure wilh cnhanccd uniforl11 sensilivily. Anal. lIiuchel11. 117:3117-3W.

Mugnaini, E. (1986). Cell junctions of aslrocyles. cpendyma and relatcd cclls in the
mammalian central nervous syslem, with el11phasis on lhe hYPolhesis of a gcneralil.ed
funetional syncytium of supporting cells. In ASlroeytcs: ccII biology and pathology of
astroeytes, Vol. 3 (S. Fedoroffand A. Vernadakis, Eds.), pp. 329-371. Academic Press.
New York.

Munaut, C., A. Noël, M. Sobel, and LM. !'oidart (1991). Expression of lal11inin hy
Imman fibroblasts, 1-1'1'1080 fibrosarcoma cells and MC!'-7 breast adenocarcÎnoma cclls.
Lack of regulation by the cell density and extraccllular matrix. Cell Biol. Int. Rcp.
15:499-509.

Murphy, S., and B. Pearce (1987). Funetional reccptors for neurotranSl11illerS on
astroglial cells. Neuroscience 22:381-394.

Murray, B.A., and JJ. Jensen (1992). Evidence for helerophilic adhesion ofembryonic
retinal cells and neuroblastoma cells to substratum-adsorbed NCAM. J. Cell Biol.
117:1311-1320.

Nagano, N., M. Aoyagi, and K. Hirakawa (1993). Extracellular matrix modulates the
proliferation of rat astrocytes in serum-free culture. Glia 8:71-76.

Nagata, 1., G. Keilhauer, and M. Schachner (1986). Neuronal influence on antigenic
marker profile, cell shape and proliferation of cultured astrocytes oblained by
microdissection of distinct layers l'rom the early postnalalmouse cerebellum. Dev. Brain
Res. 24:217-232.

Nakamura, Y., M. Takeda, KJ. Angelides, K. Tada, S. I-Iariguchi, and T. Nishimura
(1991). Assembly, disassembly, and exchange of glial fibrillary acidic protein. Glia
4: 101-110.

Napolitano, L., R. Kyle, and E.R. Fisher (1964). Ultrastructure of meningiomas and the
derivation and nature of their cellular components. Cancer 17:233-241.

Napolitano, E.W., K. Venstrom, E.F. Wheeler, and L.F. Reichardt (1991). Molecular
c10ning and characterization of B-cadherin, a novel chick cadherin. J. Cell Biol. 113:893
905.

Nathaniel, EJ.H., and D.R. Nathaniel (1981). The reactive astrocyte. Adv. Cell.
Neurobiol. 2:249-301.

Nelson, W.J., and P. Traub (1983). Proteolysis of vimentin and desmin by the Ca"
activated proteinase specifie for these intermedialc filament proteins. Mol. CcII. Biol.



•

•

170

3: 1146-1156.

Nestier, E.J., and P. Greengard (1983). Prolein phosphorylation in lhe brain. Nature
305 :583-588.

Neugebauer, K.M., c.J. Emmelt, K.A. Venstrom, and L.F. Reichardt (1991).
Vilronectin and thrombospondin promote retinal neurite outgrowth: developmental
regulation and role of integrins. Neuron 6:345-358.

Neugebauer, K.M., K.J. Tomaselli, J. Lilien, and L.F. Reichardt (1988). N-eadherin,
NCAM, and integrins promote retinal neurite oUlgrowth on astrocyles in vitro. J. Cell
Biol. 107: 1177-1187.

Newman, E.A. (1985). Vollage-dependent calcium and potasium channels in retinal glial
cells. Nature 317:809-811.

Newman, E.A. (1986). High potassium conductance in astrocyle endfeel. Science
233:453-454.

NG, I-I.K., and A.T.C. Wong (1993). Expression of epithelial and extracellular matrix
protein markers in meningiomas. I-listopalhology 22: 113-125.

Noble, M. (1991). Poinls of controversy in the 0-2A lineage: docks and type-2
aslrocytes. Glia 4: 157-164.

Noble, M., M. Albrechlsen, C. M</>lIer, J. Lyles, E. Bock, C. Goridis, M. Walanabe,
and U. Rutishauser (1985). Glial cells express N-CAM/D2-CAM-like polypeptides in
vitro. Nature 316:725-728.

Noble, M., J. Fok-Seang, and J. Cohen (1984). Glia are a unique substrate for the in
vitro growth of central nervous system neurons. J. Neurosci. 4: 1892-1903.

Norenberg, M.D., and A. Martinez-Hernandez (1979). Fine structural localization of
glutamine synthetase in astrocytes of rat brain. Brain Res. 161:303-310.

Nose, A., K. Tsuji, and M. Takeichi (1990). Localization ofspecificity determining sites
in cadherin cell adhesion molecules. Cell 61: 147-155.

Nybroe, O., A. Gibson, C.J. M</>lIer, H. Rohde, J. Dahlin, and E. Bock (1986).
Expression of N-CAM polypeptides in neurons. Ncurochem. Inl. 9:539-544.

Nybroe, O., D. Linnemann, and E. Bock (1988). NCAM biosynthesis in brain.
Neurochem. Int. 12:251-262.

Nybroe, O., D. Linnemann, and E. Bock (1989). Heterogeneity of soluble neural cell



•

•

171

adhesion molecule. J. Neurochem. 53: 1372-1378.

O'Rahilly, R., and F. Müller (1986). The meninges in human devclopment. J.
Neuropathol. Exp. Neurol. 45:588-608.

Orkand, R. K., P. M. Orkand, and C.-M. Tang (19H 1). Membrane pmperties of nenl'llglia
in the optic nerve of necturus. J. Exp. Biol. 95:49·59.

O'Shea, K.S., and V. M. Dixit (1988). Unique distribution of the extracellular mal rix
component thrombospondin in the developing mouse embryo. J. Ccli Biol. 107:2737
2748.

O'Shea, K.S., L.-I-U. Liu, and V.M. Dixit (1991). Thrombospondin and a 140 kd
fragment promote adhesion and neurite oUlgrowth l'rom embryonic central and peripheral
neurons and l'rom PC12 cells. Neuron 7:231-237.

O'Shea, K.S., J.S:r. Rheinheimer, and V.M. Dixit (1990). Deposition and role of
thrombospondin in the histogenesis of the cerehellar cortex. J. Ccli Biol. 110: 1275-12H3.

Oshima, H., and S.S. Simons, JI'. (1992). Modulation of glucocorticoid induction of
tyrosine aminotransferase gene expression by variations in cell density. Endocrinology
130:2106-2112.

Otey, C.A., F.M. Pavalko, and K. Burridge (1990). An interaction between c.y·actinin
and the 13, integrin subunit in vitro. J. Cell Biol. 111:721-729.

Owens, G.C., G.M. Edelman, and B.A. Cunningham (1987). Organization of the neural
ccli adhesion rnolecule (N-CAM) gene: alternative exon usage as the basis for different
rnembrane-associated domains. l'roc. Nat!. Acad. Sei. USA 84:294-298.

Ozawa, M., and R. Kerniel' (1992). Molecular organization of the uvomorulin-catenin
complex. J. Cell Biol. 116:989-996.

Ozawa, M., M. Ringwald, and R. Kemler (1990). Uvomorulin-catenin complex
formation is regulated by a specifie domain in the cytoplasmic region of the cell adhesion
molecule. l'roc. Natl. Acad. Sei. USA 87:4246-4250.

Panayotou, G., p. End, M. Aumailley, R. Templ, and J. Engel (1989). Domains of
laminin with growth-factor activity. Cell 56:93-10 I.

Papasozomenos, S.C., and L.I. Binder (1986). Microtubule associated protein2 (MAp2)
is present in astrocytes of the optic nerve but absent l'rom astrocytes of the optic tract.
J. Neurosci. 6: 1748-1756.

Paradies, N.E., and G.B. Grunwald (1993). Purification and characterization of



•

•

172

NCAD90, a soluble cndogenous fortn of N-cadhcrin, which is gcnerated by proteolysis
during rctinal dcvclopment and rctains adhcsivc and neurite-promoting function. J.
Ncurosci. Res. 36:33-45.

Patcl, A.J. (1986). Devclopment of astrocytes: in vivo and in vitro studies. Adv. Biosci.
61 :87-96.

Patcl, B. N., B. Mitlal, and S. David (1994). Purification of a novel astrocyte ccII surface
lIlolecule. Cano l'cd. Biol. Soc. (III press).

Pate1, AJ., M.D. Weir, A. Hunt, C.S.M. Tahourdin, D.G.T. Thomas (1985).
Distribution of glutamillc synthetase and glial fibrillary acidic protein and correlation of
glutamine synthetase with glutamate decarboxylase in different regions of the rat central
ncrvous system. Brain Res. 331: \-9.

Pearson, C.A., D. Pearson, S. Shibahara, J. Hofstcenge, and R. Chiquet-Ehrismann
(1988). Tenascin: cDNA cloning and induction by TGF-I3. EMBO J. 7:2977-2982.

Pehlemann, F.-W., J. Sievers, and M. Berry (1985). Meningeal cells are involved in
foliation, lamination, and neurogenesis of the cerebellum: evidence l'rom 6
hydroxydopamine-induced destruction of meningeal cells. Dev. Biol. 110: 136-146.

Pentreath, V.W. (l9S'l). POlassium signalling of metabolic interactions between neurons
and glial cells. Trends Neurosci. 5:339-345.

Peters, A., S.L. Palay, and H. deF. Webster (1991). The fine structure of the nervous
systcm: neurons and their supporting cclls. 3rd ed. Oxford University Press.

Pixley, S.K., and J. de Vellis (1984). Transition between radial glia and mature
astrocytes studied with a monoclonal antibody to vimentin. Dev. Brain Res. 15:201-209.

Pollenz, R.S., and K.O. McCarthy (1986). Analysis of cyclic AMP-dependent changes
in intermediate filament protein phosphorylation and cell morphology in cultured
astroglia. J. Neurochem. 47:9-17.

Pollerberg, G.E., K. Burridge, K.E. Krebs, S.R. Goodman, and M. Schachner (1987).
The 180-kD component of the neural cell adhcsion molecule N-CAM is involved in cell
cell contacts and cytoskeleton-membrane interactions. Cell Tissue Res. 250:227-236.

Pope, A. (1978). Neuroglia: quantitative aspects. ln Dynamic properties of glial cells (E.
Schoffeniels, G. Franck, L. Hertz and 0.13. Tower, Eds.), pp. 13-20. Pergamon Press,
London.

Priee, J., and R.O. Hynes (1985). Astrocytes in culture synthesize and secrete a variant
fortn of fibronectin. J. Neurosci. 5:2205-2211.



•

•

Priee, J., D. Turner, and C. Cepko (1987). Lineage analysis in lhe verlebrate nerVllUS
syslem by rctrovirus-mcdiated gene transfer. l'roc. N'Ill. Aead. Sei. USA 84: 15h- \hO.

Privat, A., and C.P. Leblond (1972). The subependymallayer and neighbllring regilln
in the brain of the young rat. J. Comp. Neurol. 14h:277-302.

Probstmeier, R., T. Fahrig, E. Spiess, and M. Sclmchner (1992). Interactions of the
neural cell adhesion molecule and the myelin-associaled glycoprotein with collagen type
1: involvement in fibrillogenesis. J. Cell Biol. 116: 1063-1070.

Qian, J., M.S. Bull, and P. Levitt (1992). Targel-derivcd astroglia regulate aXllnal
outgrowth in a region-specifie manner. Dev. Biol. 149:278-294.

Raff, M.C. (1989). Glial cell diversification in the ral optic nervc. Science 243: 1450
1455.

Raff, M.C., E.R. Abney, 1. Cohen, R. Lindsay, and M. Noble (1983a). Two types of
astrocytes in cultures of developing rat white matter: differences in morphology, surface
gangliosides, and growth characteristics. J. Neurosci. 3: 1289-1300.

Raff, M.C., E.R. Abney, and R.H. Miller (1984). Two glial ccII lincagcs diverge
prenatally in the rat optic nerve. Dev. Biol. 106:53-60.

Raff, M.C., K.L. Fields, S.-1. Hakomori, R. Mirsky, R.M. Pruss, and J. Winler (1979).
Cell-type-specific markers for distinguishing and studying neurons and the major classes
of glial cells in culture. Brain Res. 174:283-308.

Raff, M.C., L.E. Lillien, W.D. Richardson, J.F. Burne, and M.D. Noble (1988).
Platelet-derived growth factor l'rom astrocytes drives the clock that times oligodendrocyte
development in culture. Nature 333:562-565.

Raff, M.C., R.H. Miller, and M. Noble (1983b). A glial progenitor ccII that develops
in vitro into an astrocyte or an oligodendrocyte depending on culture medium. Nature
303:390-396.

Raju, T.R., A. Bignami, and D. Dahl (1980). Glial fibrillary acidic protein in monolayer
cultures of C-6 glioma cells. Effect of aging and dibutyryl cyclic AMP. Brain Res.
200:225-230.

Rakic, P. (1971). Neuron-glia relationship during granule cell migration in developing
cerebellar cortex. A Golgi and electron microscOIJic study in Macacus rhesus. J. Comp.
Neurol. 141 :283-31.2.

Rakic, P. (1972). Mode of cell migration to the superficial layers of fetal monkey
neocortex. J. Comp. Neurol. 145:61-84.



•

•

174

Rakic, p. (1978). Neuronal migration and contact guidance in primate telencephalon.
l'ostgrad. Mcd. 1. 54:25-37.

Rakic, p. (1981). Neuronal-glial interaction during brain development. Trends Neurosci.
4: 184-187.

Rakic, p. (1982). The role of neuronal-glia cell interaction during brain development.
Lite Sei. Res. Rep. 20:25-38.

Rakic, l'., and R.L. Sidman (1973a). Weaver mutant mouse cerebellum: defective
neuronal migration secondary to abnormality of Bergmann glia. l'roc. Natl. Acad. Sci.
USA. 70:240-244.

Rakic, l'., and R.L. Sidman (1973b). Sequence or dcvelopmental abnormalities leading
to granule ccII deficit in ccrebellar cortex of weavcr mutant mice. J. Comp. Neurol.
152: 103-132.

Rakic, l'., L.J. Stensas, E.p. Sayre, and R.L. Sidman (1974). Computer-aided three
dimensional reconstruction and quantitative analysis of cells l'rom seriai electron
microscopic montages of foetal monkey brain. Nature 250:31-34.

Ramon y Cajal, S. (1909). Histologie du système nerveux de l'homme et des vertebres.
Maloine, Paris.

Ramon y Cajal, S. (1913). Sobre un nuevo proceder de impregnaci6n de la neuroglia y
sus resultados en los centros nerviosos dei hombre y animales. Trab. Lab. Invest. Biol.
Univ. Madrid 11:219-237.

Ranscht, B. (1988). Sequence of contactin, a 130-kD glycoprotein concentrated in areas
of interneuronal contact, defines a new member of the immunoglobulin supergene family
in the nervous system. J. Cell Biol. 107:1561-1573.

Ranscht, B., and M.T. Dours-Zimmermann (1991). T-cadherin, a novel cadherin cell
adhesion molecule in the nervous system lacks the conserved cytoplasmic region. Neuron
7:391-402.

Rathjen, F.O. (1991). Neural ccII contact and axonal growth. Curr. Opin. Cell Biol.
3:992-1000.

Rathjen, F.O., and M. Schachner (1984). Immunocytological and biochemical
characterization of a new neuronal cell surface component (LI antigen) which is involved
in cell adhesion. EMBO J. 3: 1-10.

Redies, C., and M. Takeichi (1993). N- and R-cadherin expression in the optic nerve of
the chicken embryo. G1ia 8: 161-171.



•

•

175

Reichardt, L.F., J.L. Bixby, D.E. Hall, M.J. Ignatius, K.M. Neugelmller, ami K.J.
Tomaselli (1989). Integrins and cell adhesionmoleclllcs: ncuronal receptors that rcglliaic
axon growth on extrace\lular malrices and ccII surraces. Dev. Neurosci. Il:332-347.

Reichardl, L.F., and K.J. Tomaselli (\991). Extracc\lular matrix molecules anù lheir
receptors: functions in neural developlllent. Annll. Rcv. Nellrosci. 14:531-570.

Reier, PJ. (1986). G1iosis following CNS injury: thc analomy or astrocytic sears ami
their influences on axonal elongation. In Astroeytcs: ccII biology and pathology or
astrocytes, Vol. 3 (S. FedorolTand A. Vernadakis, Elis.), pp. 263-324. Academie Prcss,
New York.

Reier, PJ., L.F. Eng, and L. Jakeman (1989). Reactive astrocyte and axonal outgrowth
in the injured CNS: is gliosis really an illlpcdimcnt to rcgeneration'? ln Neural
regeneration and transplantation. Frontiers or c1inieal neuroscience, Vol. 6 (F.J. Seil,
Ed.), pp. 183-209. Alan R. Liss, New York.

Retzius, G. (1894). Die Neuroglia des Gehirns beilll Menschen und bei Siiugethieren. Il.
Die Neuroglia des Kleinhirns. Biol. Untersuch. 6: 16-20.

Reynolds, R., and G.I'. Wilkin (1988). Development of macroglial cells in rat
cerebellum. Il. An in situ immunohistochemical study of oligodendroglial lineage l'rom
precursor to mature myelinating cell. Development 102:409-425.

Rickmann, M., D.G. Amaral, and W.M. Cowan (\987). Organization of radial glial ceIls
during the development of the rat dentate gyrus. J. Comp. Neurol. 264:449-479.

Riou, J.-F., D.-L. Shi, M. Chiquet, and J.-C. Boucaut (\988). Expression of lcnascin
in response to neural induction in amphibian embryos. Developmcnt 104:511-524.

Rivas, RJ., W.-Q. Gao, and M.E. Hatten (\992). Granule ncuron migration in
developing cerebellar cortex: a correlated in vitro and in vivo analysis. Soc. Ncurosci.
Abstr. 18:926.

Roark, E.F., N.E. Paradies, L.A. Lagunowich, and G.B. Grunwald (\992). Evidencc
for endogenous proteases, mRNA level and insulin as multiple mechanisms of N-cadherin
down-regulation during retinal development. Development 114:973-984.

Rosenberg, P.A., and M.A. Dichter (1987). A small subset of cortical astrocytes in
culture accumulates glycogen. Int. J. Dev. Neurosci. 5:227-235.

Ruegg, M.A., E.T. Stoeckli, T.B. Kuhn, M. Helier, R. Zuellig, and P. Sonderegger
(1989). Purification ofaxonin-I, a protein that is secreted l'rom axons during
neurogenesis. EMBO J. 8:55-63.



•

•

176

Ruoslahti, E., and M.D. Pierschbacher (1987). New perspectives in cell adhesion: RGD
and imegrins. Science 238:491-497.

Russell, O.S., and L.J. Rubinstein (1989). Palhology of tumours of the nervous system.
5th ed. Edward Arnold, London.

Rutishauser, U. (1986). Differentiai cell adhesion through spatial and temporal variations
of NCAM. Trends Neurosci. 9:374-378.

Rutishauser, U., A. Acheson, A.K. Hall, D.M. Mann, and J. Sunshine (1988). The
neural cell adhesion molecule (NCAM) as a regulator of ceII-ceIl interactions. Science
240:53-57.

Rutka, J.T., G. Apodaca, R. Stern, and M. Rosenblum (1988). The extracellular matrix
of the central and peripheral nervous systems: structure and function. J. Neurosurg.
69: 155-170.

Rutka, J.T., J. R. Giblin, G. Apodaca, S.J. DeArmond, R. Stern, M. L. Rosenblum
(1987). Inhibition of growth and induction of differentiation in a malignant human glioma
cell line by normal leptomeningeal extracellular matrix proteins. Cancer Res. 47:3515
3522.

Rutka, J.T., J. Giblin, D. V. Dougherty, J.R. McCulloch, S.J. DeArmond, and M.L.
Rosenblum (1986). An ultrastructural and imlllunocytochemicai analysis of
leptomeningeal and meningioma cultures. J. Neuropath. Exp. Neurol. 45:285-303.

Ryder, E.F., and C.L. Cepko (1992). Clonai analysis of granule cellmigration patterns
during development of the chick cerebellum. Soc. Neurosci. Abstr. 18: 17.

Sadoul, K., A. Meyer, M.G. Low, and M. Schachner (1986). Release of the 120 kDa
component of the mouse neural cell adhesion molecule N-CAM from cell surfaces by
phosphatidylinositol-specific phospholipase C. Neurosci. Lett. 72:341-346.

Saga, Y., T. Vagi, Y. Ikawa, T. Sakakura, and S. Aizawa (1992). Mice develop
normally without tenascin. Genes Dev. 6:1821-1831.

Salamat, S.M., M.W. Tallent, and R.W. Keane (1988). The role ofastrocytes in immune
responses within the central nervous system. In The biochemical pathology of astrocytes
(M.D. Norenberg, L. Hertz and A. Schousboe, Eds.), pp. 247-259. Alan R. Liss, New
York.

Salem, R.D., R. Hammerschlag, H. Brocho, and R.K. Orkand (1975). Influence of
potassium ions on accumulation and metabolism of [14C]glucose by glial cells. Brain Res.
86:499-503.



•

•

177

Salton, S.R.J., C. Richter-Landsberg, L.A. Greene, and M.L. Shelanski (1983). Nerve
growth factor-inducible large external (NILE) glycoprotein: studies of a central and
peripheral neuronal marker. J. Neurosci. 3:441-454.

Salzer, J.L., and D.R. Colman (1989). Mechanisms of ccli adhesion in the nervous
system: role of the immunoglobulin gene superfamily. Dev. Neurosci. 11:377-390.

Sanes, J.R. (1989). Extracellular matrix molecules that innuence neural development.
Annu. Rev. Neurosci. 12:491-516.

Sanes, J.R., J.L.R. Rubenstein, and J.-F. Nicolas (1986). Use of a recombinant
retrovirus to study post-implantation cell lineage of Illouse embryos. EMl3ü J. 5:3133
3142.

Saneto, R.P., and J. de Vellis (1985). Characterizalion of cultured rat oligodendroeytes
proliferating in a serum-free, chemically delïned medium. Proe. Natl. Acad. Sei. USA
82:3509-3513.

Sasaki, M., H.K. Kleinman, H. Huber, R. Deutzlllann, and Y. Yamada (1988). Laminin,
a multidomain protein: the A chain has a unique glolmlar domain and homology with the
basement membrane proteoglycan and the lalllinin 13 chains. J. Biol. Chem. 263: 16536
16544.

Sasaki, M., and Y. Yamada (1987) The laminin 132 chain has a multidomain structure
homologous to the BI chain. J. Biol. Chem. 262: 17111-17117.

Sastry, S.K., and A.F. Horwitz (1993). Integrin cytoplasmic domains: medialors of
cytoskeletallinkages and extra- and intracellular initiated transmembrane signaling. Curr.
Opin. Cell Biol. 5:819-831.

Sauer, F.C. (1935). The cellular structure of the neural tube. J. Comp. Neurol. 63: 13-23.

Schaper, A. (1897). The earliest differentiation in the central nervous system of
vertebrates. Science 5:430-431.

Scheithauer B.W. (1990). Tumors of the meninges: proposed modilïcations of the world
health organization classification. Acta Neuropathol. 80:343-354.

Schlaepfer, W.W., and U.-J.P. Zimmerman (1981). Calcium-mediated breakdown of
glial filaments and neurofilaments in rat optic nerve and spinal cord. Neurochem. Res.
6:243-255.

Schmechel, D.E., and P. Rakic (1979a). A Golgi study of radial glial cells in developing
monkey telencephalon: morphogenesisand transformation into astrocytes. Anal. Embryol.
156: 115-152.



•

•

178

Schmcchel, D.E., and P. Rakic (1979b). Arrested proliferation of radial glial cells during
midgcslation in rhesus monkey. Nature 277:303-305.

Schnitzer, J. (1988). Immunocytochemical studies on the cievelopment of astrocytes,
Müller (glial) cells, and oligodendrocytes in the rabbit retina. Dev. Brain Res. 44:59-72.

Schnitzer, J., W.W. Franke, and M. Schachner (1981). Illlmunochemical delllonstration
of vimentin in astrocytes and ependYlllal cells of developing and adult Illouse nervous
syslem. J. CcII Biol. 90:435-447.

Schwab, M.E., and P. Caroni (1988). Oligodendrocytes and CNS myelin are
nonperlllissive substrates for neurite growth and fibroblasl spreading in vitro. J. Neurosci.
8:2381-2393.

Sensenig, E.C. (1951). The early developlllent of the Illeninges of the spinal cord in
human embryos. In Contributions to elllbryology no. 228. Carnegie Institution of
Washington, Washington. 34: 145-157.

Sharp, G., M. Osborn, and K. Weber (1982). Occurrence of two different intermediate
filament proteins in the same filament in situ within a human glioma cell Hne. An
inununoelectron microscopical study. Exp. Cell Res. 141:385-395.

Shaw, G., M. Osborn, and K. Weber (1981). An immunofluorescence microscopical
study of the neurofilament triplet proteins, vimentin and glial fibrillary acidic protein
within the adult rat brain. Eur. J. Cell Biol. 26:68-82.

Sidman, R.L., and P. Rakic (1973). Neuronal migration, with special reference to
developing human brain: a review. Brain Res. 62: 1-35.

Sievers, J., F.-W. Pehlemann, and M. Berry (1986). Influences of meningeal cells on
brain development. Findings and hypothesis. Naturwissenschaften 73:188-194.

Silver, J. (1984). Studies on the factors that govern directionality ofaxonal growth in the
embryonic optic nerve and atthe chiasm of mice. J. Comp. Neurol. 223:238-251.

Silver, J., S.E. Lorenz, D. Wahlsten, and J. Coughlin (1982). Axonal guidance during
development of the great cerebral commissures: descriptive and experimental studies, in
vivo, on the role of preformed glial pathways. J. Comp. Neurol. 210: 10-29.

Si1ver, J., and M. YOgawa (1983). Postnatally induced formation of the corpus callosum
in acallosal mice on glia-coated cellulose bridges. Science 220: 1067-1069.

Silver, J., and R.M. Robb (1979). Studies on the development of the eye cup and optie
nerve in normal mice and in mutants with congenital optie nerve aplasia. Dev. Biol.
68: 175-190.



•

•

179

Silver. J.• and U. Rutishauser (1984). Guidance llf llplic axons in l'iVll by a prefllrilled
adhesive pathway on neuroepilhclial endl'ccl. Del'. Billi. IU6:485-499.

Silver, J., and R. L. Sidman (1980). A Illechanism for the guidance and topographie
paUerning of retinal ganglion ccII axons. J. Comp. Neurol. 189: lOI-III.

Silverstein, R. L., P.C. Harpel, and R. L. Nachman (1986). Tissue plasminogcn activalor
and urokinase enhance the binding of plasminogcn III thrombospondin. J. Biol. Chcm.
261 :9959-9965.

Singer, 1.1. (1982). Association of fibronectin and vinculin with focal contacts and stress
fibers in *ationary hamster fibroblasts. J. CcII Biol. 92:398-408.

Skoff, R.P. (1990). Gliogenesis in rat optic nervc: astrocytes are generated in a single
wave before oligodendrocytes. Del'. Biol. 139: 149-168.

Skoff, R.P., and P.E. Knapp (1991). Division of astroblasts and oligodendroblasts in
postnatal rodent brain: evidence for separale aslrocyle and oligodcndrocyte lineages. Glia
4: 165-174.

Skoff, R.P., D.L. Priee, and A. Stocks (l976a). Electron microscopic autoradiographic
studies of gliogenesis in rat optic nerve. 1. CcII proliferation. J. Comp. Neurol. 169:291
312.

Skoff, R.P., D.L. Price, and A. Stocks (1 976b). Eleclronillicroscopic autoradiographic
studies of gliogenesis in rat optie nerve. II. Time of origin. J. COlllp. Neurol. 169:313
334.

Small, S.J., and R. Akeson (1990). Expression of lhe unique NCAM VASE exon is
independently regulated in distinct tissues during development. J. Cell Biol. 111 :2089
2096.

Smith, J.W., and D.A. Cheresh (1990). Integrin (a,/3,)-ligand interaction: idcntification
of a heterodimeric RGD binding site on the vitroncctin reecptor. J. Biol. Chem.
265:2168-2172.

Smith, M.E., and L.F. Eng (1987). Glial fibrillary acidie protcin in ehronie relapsing
experimental allergie eneephalomyelitis in SJLlJ mice. J. Neurosei. Res. 18:203-208.

Smith, G.M., J.W. Jaeobberger, and R.H. Miller (1993). Modulation of adhesion
moleculeexpression on rat cortical astroeytes during maturation. J. Neurochem. 60: 1453
1466.

Smith, G.M., R.H. Miller, and J. Silver (1986). Changing role of forebrain astrocytes
during development, rcgenerative failure, and induced rcgcneration upon transplantation.



•

•

180

J. Comp. Ncurol. 251 :23-43.

Smith, M.E., V. Pcrret, and L.F. Eng (1984). Mctabolic studies in vitro of the CNS
cyloskelctal proteins: synlhesis and degradation. Ncurochem. Res. 9: 1493-1507.

Smith, G. M., U. Rutishauscr, J. Silver, and R.H. Miller (1990). Maturation ofastrocyles
in vilro altcrs the cxtcnt and molecular basis of ncurile outgrowth. Dev. Biol. 138:377
390.

Sonncnberg, A., J. Calafat, H. Janssen, H. Daams, L.M.H. van der Raaij-Helmer, R.
Falcioni, SJ. Kennel, J.O. Aplin, J. Baker, M. Loizidou, and D. Garrod (1991).lntegrin
rY.61{34 complex is located in hemidesmosomes, suggesting a major role in epidermal cell
basementmembrane adhesion. J. Cell Biol. 113:907-917.

Sotelo, C., and J. p. Changeux (1974). Bergmann fibers and granule cellmigration in the
cerebellum of homozygous weaver mutant mousc. Brain Res. 77:484-491.

Spiegelman, B.M., and C.A. Ginty (1983). Fibronectin modulation of cell shape and
Iipogenic gene expression in 3T3-adipocytes. Cell 35:657-666.

Spring, J., K. Beck, and R. Chiquet-Ehrismann (1989). Two contrary functions of
tenascin: dissection of the active sites by recombinant tenascin fragments. Cell 59:325
334.

Staunton, D.E., M.L. Dustin, H.p. Erickson, and T.A. Springer (1990). The
arrangement of the immunoglobulin-Iike domains of ICAM-I and the binding sites for
LFA-I and rhinovirus. Cell 61 :243-254.

Steindler, D.A., N.G.F. Cooper, A. Faissncr, and M. Schachner (1989). Boundaries
defined by adhesion molecules during developmelll of the cerebral cortex: the J I/tenascin
glycoprotein in the mouse somatosensory cortical barrel field. Dev. Biol. 131 :243-260.

Stepp, M.A., S. Spurr-Michaud, A. Tisdale, J. Elwell, and l.K. Gipson (1990). rY.J3.
integrin heterodimer is a component of hemidesmosomes. l'roc. Natl. Acad. Sci. USA
87:8970-8974.

Stewart, G.R., and A.L. Pearlman (1987). Fibronectin-like immunoreactivity in the
developing cerebral cortex. J. Neurosci. 7:3325-3333.

Still, T.N., U.E. Gasser, and M.E. Hatten (1991). Molecular mechanismsofglial-guided
neuronal migration. Ann. N.Y. Acad. Sci. 633:113-121.

Stitt, T.N., and M.E. Hallen (1990). Antibodies that recognize astrotactin block granule
neuron binding to astroglia. Neuron 5:639-649.



•

•

IRI

Stocckli, E.T., T.B. Khun. C.D. Duc, M.A. RUl'gg. and l'. Sllndereggl'r (llJllll. 'l'hl'
axonally secrclcd protein axonin-I is a potent suhstratum rür neurite gmwlh. J. l'l'II Billi.
112:449-455.

Slocckli, E.T., p.F. Lemkin, T.B. Kuhn. M.A. Rliegg. M. Helier, ami l'. Sllmleregger
(1989). Identification of proteins secreled l'rom aXllns of embryonic dorsal-rool-ganglia
neurons. Eur. J. Biochem. 180:249-258.

Streit, A., A. Faissner, B. Gehrig, and M. Schachncr (1990). Isolation and billchemical
characterization of a neural proteoglycan exprcssing the L5 carbohydratc epitope. J.
Neurochem. 55: 1494-1506.

Streit, A., C. Nolte, T. Râsony, and M. Schachner (1993). Interaction of <lstrochomlrin
with extracellular matrix componenls and its involvcmcnt in astrocyte proecss form<ltilln
and cerebellar granule cell migration. J. Ccli Biol. 120:799-814.

Streuli, C.H., N. Bailey, and M.J. Bissell (\991). Control of manullary epilhclial
diffcrenliation: basement membrane induccs lissue-specific gcne cxprcssion in the ahsenee
of cell-cell interaction and morphological pol<lrily. J. Ccli Biol. 115: 1383-1395.

Suzuki, S., and Y. Naitoh (1990). Amino <lcid selillence of a novcl integrin {J, sllbunil
and primary expression of the mRNA in epithelial cells. EMBD J. 9:757-763.

Suzuki, S., K. Sano, and H. Tanihara (\991). Diversily of the cadherin family: cvidencc
for eight new cadherins in nervous tissue. Cell Regulat. 2:261-270.

Takamiya, Y., S. Kohsaka, S. Toya, M. Dtani, and Y. Tsukada (1988).
Immunohistochemica1studies on the proliferation of l'l'active astrocytes and the exprcssion
of cytoskeletal proteins following brain injury in rais. Dev. Brain Res. 38:201-210.

Takeichi, M. (1987). Cadherins: a molecular family essential for selective ccli-ccli
adhesion and animal morphogenesis. Trends Genet. 3:213-217.

Takeichi, M. (1990). Cadherins: a molecular family important in selective ccli-ccli
adhesion. Annu. Rev. Biochem. 59:237-252.

Takeichi, M. (1991). Cadherin cell adhesion rcccpiors as a morphogcnetic regulator.
Science 251: 1451-1455.

Tan, S.-S., K.L. Crossin, S. Hoffman, and G.M. Edelman (\987). Asymmetric
expression in somites of cylotactin and ils proteoglycan ligand is correlated with neural
crest l'l'II distribution. l'roc. Natl. Acad. Sei. USA 84:7977-7981.

Tanaka, H., and K. Dbata (1984). Developmental ch<lnges in unique cell surface antigens
of chick embryo spinal motoneurons and ganglion cclls. Dev. Biol. 106:26-37.



•

•

182

Tawil, N.J., M. Houde, R. Blacher, F. Esch, L.F. Reichardt, D.C. Turner, and S.
Carbonelto (1990). ",(3, integrin heterodimer functions as a dual laminin/collagen
receplor in neural cells. Biochemislry 29:6540-6544.

Temple, S. (1989). Division and differentialion of isolaled CNS blasl cells in
microcullure. Nature 340:471-473.

Temple, S., and M.C. Raff (1985). Differenlialion of a bipotential glial progenitor cell
in single cell microculture. Nature 313:223-225.

Thompson, M.A., and E.B. Ziff (1989). Slructure of the gene encoding peripherin, an
NGF-regulated neuronal-specific type III intermcdialc lïIament protein. Neuron 2: 1043
1053.

Timpl, R., H. Rohde, P.G. Robey, S.1. Rennard, J.-M. Foidart, and G.R. Martin
(1979). Laminin - a glycoprotein from basement membranes. J. Biol. Chem. 254:9933
9937.

Tomaselli, K.J., K.M. Neugebauer, J.L. Bixby, J. Lilien, and L.F. Reichardt (1988).
N-cadherin and integrins: two receptor syslems that mediate neuronal process outgrowth
on astrocyte surfaces. Neuron 1:33-43.

Tomaselli, K.J., and L.F. Reichardt (1989). Inlegrins, cadherins, and cell adhesion
molecules of the immunoglobulin superfamily: neuronal receptors that regulate axon
growth and guidance. In The assembly of the nervous system (L.T. Landmesser, Ed.),
pp. 81-108. Alan R. Liss, New York.

Tomaselli, K.J., L.F. Reichardt, and J.L. Bixby (1986). Distinct molecular interactions
mediate neuronal process outgrowth on non-neuronal cell surfaces and extracellular
matrices. J. Cell Biol. 103:2659-2672.

Tower, D. B. (1988). Development of knowledge about astrocytes since Virchow. ln The
biochemical pathology of astrocytes (M.D. Norenberg, L. Hertz and A. Schousboe,
Eds.), pp. 3-18. Alan R. Liss, New York.

Tryggvason, K. (1993). The laminin family. Curr. Opin. Cell Biol. 5:877-882.

Tuszynski, G.P., V. Rothman, A. Murphy, K. Siegler, L. Smith, S. Smith, J.
Karczewski, and K.A. Knudsen (1987). Thrombospondin promotes cell-substratum
adhesion. Science 236: 1570-1573.

Ueda, M.J., and M. Takeichi (1976). Two mechanisms in cell adhesion revealed by
effects of divalent cations. Cell Struct. Funct. 1:377-388.

Vainio, S., M. Jalkanen, and I. Thesleff (1989). Syndecan and tenascin expression in



•

•

183

induced by epithelial-lllesenchYlllal interactions in clllbryonic tooth IllcsenchYlllc. J. CcII
Biol. 108: 1945-1954.

Van Kuppevelt, T.H.M.S.M., L.R. Languino, J.O. Gailit. S. Suzuki, and E. Ruoslahti
(1989). An alternative eytoplasmie domain of thc inlcgrin (3, subunil. l'roc. Natl. Acad.
Sci. USA 86:5415-5418.

Verrall, S., and N.W. Seeds (1988). Tissue plaslllinogen activator binding 10 mOllsc
cerebellar granule neurons. J. Neurosci. Res. 21 :420-425.

Ververken, D., P. Van Veldhoven, C. l'rooSI, H. Carlon, and H. De WlIlf(1982). On
the role of calcium ions in the regulation of glycogcnolysis inmollse brain cortical sliccs.
J. Neurochem. 38: 1286-1295.

Virchow, R. (1846). Ueber das granulierte Ansehcn dcr Wandungen der Gehirnvcntrikcl.
AlIg. Z. Psychiatr. 3:242-250.

Virchow, R. (1856). Gesammelte Abhandlungen zur wissenschaftliche Mcdicin.
Meidinger, Frankfurt am Main.

Vogel, B.E., G. Tarone, F.G. Giancotti, J. Gailit, and E. Ruoslahti (1990). A novel
fibronectin receptor with an unexpected subunit composition (Ci,{3,). J. Biol. Chem.
265:5934-5937.

Voigt, T. (1989). Development of glial cells in the cerebral wall of ferrets: direct tracing
of their transformation from radial glia into astrocytes. J. Comp. Neurol. 289:74-88.

Walsh, F.S., and G. Dickson (1989). Generation of multiple N-CAM polypeptides from
a single gene. Bioessays Il :83-88.

Walz, W., and L. Hertz (1983). Functional interactions between neurons and aslrocyles.
Il. Potassium homeostasis at the cellular level. Prog. Neurobiol. 20: 133-183.

Wang, E., J.G. Cairncross and R.K.H. Liem (1984). Identification of glial filament
protein and vimentin in the same intermediate filament system in human glioma cells.
l'roc. Nat\. Acad. Sci. USA 81 :2102-2106.

Wehrle, B., and M. Chiquet (1990). Tenascin is accumulated along developing peripheral
nerves and allows neurite outgrowth in vitro. Development 110:401-415.

Weigert, C. (1895). Beitrlige zur Kenntnis der normalen menschlichen Neuroglia.
Weisbrod, Frankfurt am Main.

Weinstein, D.E., M.L. Shelanski, and R.K.H. Liem (1991). Suppression by antisense
mRNA demonstrates a requirement for the glial fibrillary acidic protein in the formation



•

•

IE4

of stable astrocytic proccsses in response 10 neurons. J. CcII Biol. 112: 1205-1213.

Weiler, A., S. Beck, anù p. Ekblom (1991). Amino aciù sequence of mouse tenascin and
ùifferential cxpression of two tenascin isoforms ùuring embryogenesis. J. Cell Biol.
112:355-362.

Wheeler, a.N., A.E. Parker, C.L. Thomas, P. Ataliotis, D. Poynter, J. Arnemann, A.J.
Rutman, S.c. Piùsley, F.M. Watt, D.A. Recs. R.S. Buxton, and A.1. Magee (1991).
Desmosomal glycoprolein DOl, a componelll of imercellular ùesmosome junctions, is
relateù to the cadherin famïly of ccII aùhesion molecules. l'roc. Natl. Acaù. Sci. USA
88:4796-4800.

Wilkin, a.p., D.R. Marriott, and A.J. Cholewinski (1990). Astrocyte heterogeneity.
Trends Neurosci. 13:43-46.

Williams, B.P., E.R. Abney, and M.C. Raff (1985). Macroglial cell development in
embryonic rat brain: studies using monoclonal antiboùies, fluorescence activated ccII
sorting, anù cell culture. Dev. Biol. 112: 126-134.

Williams, A.F., and A.N. Barclay (1988). The immunoglobulin superfamily - domains
for ccII surface recognition. Annu. Rev. Immunol. 6:381-405.

Williams, E.J., p. Doherty, a. Turner, R.A. Reiù, J.J. Hemperly, and F.S. Walsh
(1992). Calcium inl1ux inlo neurons can solely accounllor cell contact-depenùent neurite
outgrowth stimulateù by transfecteù LI. J. CcII Biol. 119:883-892.

Wong, a.H.W., P.F. Bartlett, 1. Clark-Lewis, F. Battye, and J.W. Schrader (1984).
Inducible expression of H-2 and la antigens on brain cells. Nature 310:688-691.

Wujek, J.R., and P.J. Reier (1984). Astrocytic membrane morphology: differences
between mammalian and amphibian astrocytes after axotomy. J. Comp. Neurol. 222:607
619.

Yamada, Y., and H.K. Kleinman (1992). Functional domains of ccll adhesion molecules.
Curr. Opin. Cell Biol. 4:819-823.

Yayon, A., M. Klagsbrun, J.D. Esko, P. Leùer, and D.M. Ornitz (1991). Cell surfacc,
heparin-Iike molecules are required for binùing of basic fibroblast growth factor to its
high affinity receptor. Cell 64:841-848.

Yen, S.-H., and K.L. Fields (1985). A protein relateù to glial filaments in Schwann cells.
Ann. N.Y. Acad. Sci. 455:538-551.

Zhang, H., R.H. Miller, and U. Rutishauser (1992). Polysialic acid is required for
optimal growth of axons on a neuronal substrate. J. Neurosci. 12:3107-3114.


