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Abstract

i\slrOl:yl.:s r,:spolld 10 injury of lh.: ~':Illralll.:rvous sysl':l11 (CNS) in a prm:.:ss

l.:rl1l.:d r.:a.:liv.: aSlrogliosis. Whil.: dassical1y <:llnsid.:r.:d d':lrim.:nlal III CNS

fUI1\:lion. lh.: Plll'POS': of r.:a~live aSlrogliosis is now ~onsidered hy some 10 pl'llmole

CNS r.:~overy. The fun~liollal role of rea~live asll'll~yles l1lay he darilïed if th.:

11l0le.:ular l1l.:dialllrs of aSll'llgliosis ~an he id':lllilïed. This lhesis .:xplOl'es th.: l'Ole of

~ylokines in modulating parameters of aSll'Ogliosis holh in l'il/'() and in l'il'O. Sludies

with asll'O~yles isolatcd l'rom uninjured adult mouse hrains suggesl lhat these ~dls

have differenl hiological chara':lerislics as comparcd to neonatal murine astro~yles.

On lhe olher hand. lFN-y pl'OmOleS DNA synthesis in hoth l'ctal and adull human

asll'O~yles and inhihils lhal of neonatal and adull mouse asll'O~yl':S. Col1e':lively.

lhese results suggesl lhal hOlh age- and species-specitie dilTerenecs may delermine

lhe rcsponse of glial ccl1s III ~ylokines. ln addilion. lhe presence of one ~ylokine

l1lay intluen~e lhe response of astl'O~yles to another; lhe simullaneous adminislralion

or l'NF-a Wilh more polelll cytokine mitogens to adull human astrocytes ahl'Ogates

the efl'ccls of the laller. Final1y. experimellls on neonalal mice in l'ivo demonslrale

lheir ahilily 10 mount an astl'Oglillli~ response given an ade4uate injury stimulus. The

presence of ~Ylokines within Ihe lesion sile upregulates this reaction.
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R ' ,csumc

L~s astrocyt~s réagiss~nl aux alldlll~, au syslèl11~ ncrwux cl'nlral (SNe) par

un proc~ssus nlll11mé asll'llglills~ réacliw, Lllngl~l11ps considéré~ l'\lIlln1<'

dOl11mag~ahl~ au SNe, le rôle d~ l'asll'llglios~ réactiw ~st déslll'Illais considérl\'

COI1lI1l': hénélïqu.: au rétahliss':l1l.:nt du syslèm~ n~rwux, La ronclion d~

l'aslroglios.: réactiv.: pourrait êtr.: ~xpliqué~ ~n id.:nlilïalll les médiall'urs

moléculair.:s d.: l'astl'llglios.:, La prés.:nt.: lhès.: .:xplllr.: 1.: l'Ille qUI' .J0u~nl "'S

cyLokin.:s ùans la moùulation Ù.: l'aslroglios.: ill l'irl'll':l ;,/ l'im. D~s élmil' rail~S l'n

isolant ù.:s aSlrocyl':S ù~ c.:rv.:aux Ù.: souri., aùull':s intacls s~mhlenl ùémonllw qUI'

œs œllul.:s ont ù.:s caraclériSliqu.:s hiologiqu.:s ùitTér.:nt.:s Ù.: cdles pl'llv.:nalll d~

souris n.:onatal.:s, e.:p~nÙant, alors qu.: l'IFN-y stimul.: la synlhès.: Ù.: l'ADN par ks

aSlrocyL.:s humains ù'ûg.: aùult.: .:! .:mhryonnair.:, il inhih.: œll.: mêm.: synlhès~ par

I~s astrocyt.:s pl'llv.:nant Ù.: souris néonalales .:t aùult.:s, e~s résullals s~mhlel1l

suggémr qu.: la réaclion Ù.: c~lluks gliales aux cylokin.:s soit ronclilln ù.: l';îg~ l't d~

l'.:spèœ, D.: plus, la prés.:nœ ù'un.: ~ylokin.: P':Ul inllu~nœr la réaclilln d~s

astl'll~yl':s par rappol'l à un.: alllr.: cylokin.:, Par .:x.:mpk, l'aùminislration sil11ullané~

Ù.: TNF-a ct Ù.: milOgèn.:s plus puissal1ls sur d.:s aSlrocyt.:s humains suppriltl.: I~s

cffcts Ù.:S milOgèncs, Enfin, Ù.:S .:xpéri.:n~cs sur Ù.:S souris néllnaUlI.:s ill ,'i1'1J

ùémuntrc kur capacité Ù',)I1Cclu.:r unc réactiun astl'llgliutiqu.: SUilC à un.: stimulatiun

suflï salll.: , l.a prés.:nc.: dc cylOkin.:s dans le champs d.: la lésion accélèr~ œll~

réactiun,
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Preface

Canllillates have lhe option of inclulling. as part of the thesis. the texl of a papcrls) suhmillell

or 10 he suhmillell Illr puhlieation. or the cieurly-lluplicateli text of a puhlishell paper(s).

1l1ese texts must he hounll as an integral purt of the thesis.

1.. lhis option is ehosen. connecting texts thal provide logieal brillges bctween Ihe dlfferent

papcrs ure manllatury. The thesis must bc wrillen in such a way that it is more than a merc

collection of manuscripts; in othcr worlls. resulls of a series of papcrs must bc integrated.

1l1e thcsis must still conform to ail othcr requirements of the 'Guidelines for 1l1csis

Prepuration·. The thesis must include: a Table of Contents. an abstract in English anll

French. an introduction which c1eurly states the rationale and objectives of the study. a

comprehensive review of the Iiterature. a final conclusion and summury. and a thorough

hibliography or referencc lis!.

Additionalmaterial must be provided where appropriate (e.g. in appendices) and in suflicient

detail to allow a cleur and precise judgement to be made of thr importance and originallty of

the research reportell in the thesis.

ln the case of manuscripts co-authorell by the candidate and others. the candidate is required

tu make an explicit statement in the thesis as to who contributed to sueh work and to what

extcnt. Supervisors must allest to the aceuracy of such statemenlS al the doctoral oral

dcfense. Since the task of the examiners is made more li\fficult in these cases. it is in the

candidate's interest to make perfectly cleur the responsibilities of ail the authors of the co­

authored papers. Under no circumstances can a co-author of any component of such a thesis

serve as an examiner for that thesis.

(Taken from the 'Guidelines for Thesis Prepuration' from the Faculty of Graduate Studies

and Rcsearch, McGilI University).
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Thesis Overview

This lhesis is uiviueu into six chapters rdaling the effec~s of inl1ammatory

cytokines on parametcrs of reactivc aSll'Ogliosis on hoth human anu morinc astrocytcs

culLUreu in l'ill'lI anu on lesioneu murinc CNS in l'i\'(). Chaptcr 1 gives a blief

inlrouuclion of rcactivc asll'Ogliosis anu prcsents eviucncc implicating cytokincs as

mouulaturs of this proccss. The chaptcrs which follow (Chaplers 2-5) rcpresent original

work explOling fUlther the l'Ole of cylokines. either publishcu (Chapter 3: Glia 6: 269­

280. 1992; Chaptcr 4: Brain Research 653: 297-304. 1994; Chapter 5: J Neuroscience

14: 846-856. 1994) 01' submillcu fol' publication (Chaptcr 2).

Ncarly ail a.strocytc prolifcration studics in l'itro have useu neonalUlroucnt 01' calf

bovine brain-uelived cclls. Howevcr. numel'Ous repOl1S indicate that astrogliosis is

minimal following slUb wounus in thcse pelinatal animals. suggcsting that aslrocytcs

isolatcu from thcse animaIs may not rcprcsent goou modds fol' lhc stuuy of auult

a.strogliosis. Thus. Chaptcr 2 outlines a protocol fol' thc isolation of astrocyle-cnrichcu

cullurcs from adult mUlinc CNS pal'cnchyma. Chaplcr 3 furthcr auurcsses thc question of

agc-spccilic versus spccies-spccilic uiffcrcnces of a.slrocytes in thcir responsc lU cytokines

by using I~tal anu auult human astl'ocytes as weil as l'etai anu auult muline astrocyles.

Given lhat a.strocytcs within lhe CNS arc likely to encounter a multitude of cytokines.

acting in a co-opcrativc 01' anlUgonistic manne,,, Chapter 4 explores uircctly the

intcraclion ofTNF-a anu IFN-yon prolilcration of auult human a.strocylCS. 80th of thesc

cytokines have previously bcen reporteu tu he mitogens fol' thcsc cells. Chaplcr 5

uocumen~s lhe CXlcnt of a.strogliosis following injUlY to lhe nconatal CNS. and asscsscs

uircctly thc extentto which this can he modilied by tbe injcction of exogenous cytokines.

Finally. Chapter 6 is a blief summwy of the work prescnted in lhis thesis.

induding possiblc future directions fol' work in this lield. Fol' clwity. it is hopcd thatthe

conlcnt of this lhcsis ovcrview sclves a.s a blidgc bctwcen lhe six chapters.
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Chapter 1

Reactive Astrogliosis: a Role for Cytokines

Reactive aSlrogliosis refers 10 the characlelistic response of 'l~lrocyles 10 injlllY of

lhe cenlral nervolls system (CNS) wherehy these ceUs hccome Im·ger. eXlend mure

processes. and signilica11lly increase their cytopla~mic content of glial IihriUary acidic

prolein (GFAP). ml ustrocyte-spccilic inlelmediale tilamcnl (Latov et al.• 11)71); LlIuwin.

1985; Jmleczko. 1988; Topp et al.• 1989). Proliferation of a~lrocyles is also repurleu.

allhollgh lhe eXlelll lo which hyperpla~ia of astrocyles conllihlltes lo the phenomenon of

a~trogliosis remains conlroversial (Graeher eT al.• 1988; Morsheau mlu van uer Kooy.

1990; MaL~lImolo eT al.• 1992). lncreuscd GFAP immunoreactivily remains a usefu\ and

commonly used mm'ker of astrogliosis since cOltical a~lrocytes normaUy UO not stain with

UI1tihodies lU GFAP. although they conlain lhis intelmediate tilame11l (Bignami ,'T al..

1976). Other ustrocytic chmlges involve ml increase in the numher of mitochondria.

Golgi memhrUl1es. endoplusmie reticulum of pelinudear cylUpla~m. glycogen colllelll

and enzyme levcls (Nathanicl and NalhUl1icl. 11)81; Malholra eT 1/1.• 1\Jl)(); Landis. 11)1)4).

Reactive a~trogliosis is initiated soon artel' a lraummic insuh. l'H J-thymidine

incorporation studies in expcrimental UI1imal models have shown lhat Ihe process occurs

a~ em'Iy a~ one hour' following CNS injury (Lalov eT al.• 1979) while GFAP-posilive

corlical a~lrocyles appcar within lhÎlty minutes of a cryogenie Icsion (Amaducci eT al..

1981). By twenly-four hours. a signilicUl1lnumhcr of a~lrocytes slain positive for GFAP

in mostlesion mouels (Stromhcrg eT al.• 11)86; Whitaker et al. 1987; NllItonl'T 1/1, 1992).

Mea~uremenL~ of GFAP contenl hy 4Umllitative immunobloL~ in raL~ suhjected lU stab

wounds show lhm allhough no increa~ over unopcraLCd conlrols is deLCcled al 3 h. a

suhSlantial rise is apparent by 6 h post-Iesioning (Hozumi eT al.• 1990). GFAP mRNA

ha, heen uemunslraled lU increa~ six-fold up to 6 h foUowing a pcnetrating hrain lesion

(Condorelli eT al.• 1990). In general. with lhe exception of hepatic cncephalopalhy. whcn:

GFAP content is reportedly reduced (Norenhcrg. 11)86). CNS trauma induces an increa~
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in GFAP content regaJ'dlcss or lhe lype or inilialing insul!. In l'il/'(). GFAP colllelll or

asll'llcylcs can h.: altercd hy treallnent with dibutyryl cydic adcnosine 3',5'­

monophosphale (dh cAMP). prostanoids. valious hormones anu growlh faclors (Hel1Z el

1/1. 1\.178; MOITison el 1/1.. 1985; Chiu el 1/1. 1(85). Ullimately. lhe role or these GFAP

changes in lelms of CNS funclion remains unresolved; however. in as much as they

represcnl Wl acute alteration in Ihe micl'llenvironment sUlTounuing lesions of lhe CNS.

lhey are of help ln resew'chers allempling lo dcline more dearly lhe medialOrs responsihle

l'or the aSlroglilllic reaction. For our purposes. they represent an efrective meW1S of

ohjective!y assessing astrogliosis W1U quantitating the elTect of cytokines on this process.

Classically. aslrocyle proliferation. changes in GFAP content and

immunoreaclivity. anu suhsequenl ueve!opment of glial seW's have hecn useu as

indicalors of reactive asu'ogliosis; however. it is imporlantto nille lhat these may nlll co­

exisl wilhin the swne moue! of injury. ln the adult rouent facial nerve crush mode!.

where alterations in GFAP contelll and immunoreactivity w'e observed. astrocytes

apparently do notundergo proliferation white microglia do (Tetzlaff el 1/1.. 1988; Graeber

('1 1/1.. 1(88). ln EAE. white lhe intensity of GFAP-immunoreactive astrocytes CWl

increase suhstalllially 10-12 days post-inoculation. lhis is not accompanied in the same

time period hy a lise in GFA? COlllent (Goldmuntz (~I al.• 1986; Smith el al.. 1987;

Aquil1l1 el 1/1.• 1(88). Only at later time points is there an associated change in holh

col1lel1l and immunoreactivity of GFAP. Several l'casons have hecn postulated. induding

increa'iCd degradation of GFAf' into producL~ that staÎn but w'e nlll delccted hy SDS­

PAGE a~ GFAP. or increa'iCd soluhle GFAP that is not rel1ccted in the Tl;ton-insoluble

cytoskelelal extract used for SDS-PAGE (Condorelli el al. 1990; Aquino el al.. 19(0). A

pUlticulw'ly compelling explwlUtion is that previously hidden wlligenic epitopcs W'C

exposed a~ a consequence of physical disasscmbly of GFAP il1lermediate tïlwnenL~

following injury-induced a.~tl'llcyle swelling (Eng el 1/1.• 1989; Aquino el al.. 1(90).

ft is desirahle that a complete description of the changes seen after CNS injury

incorporate Ihe gamul of a~lrocytic respon.'iCs, nwnely ccli proliferation. changes in

GFAP conlCIll and immunoreactivity. a.~ weil a.~ Ihe fOlmation of a glial scar. Such
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delelminanL~ are vilal to studies which allempl to dissecl lhe causes of ,L~lrogliosis post­

injury. and. ultimatcly. iL~ l'llie ,L~ a response to CNS traull1u. Il is possihle thut eadl of

lhese ullrihules is conlJ'()lled hy different mediutlll's.

The glial sear can he composed of a densely illlelwoven nelwlll'k of 'L~tl'llcyICS.

Iihl'OblasL~. oligodendrocytes and numel'Ous inl1ammatory cells such ,L~ llIucl'Ophuges.

micl'Oglia and lymphocytes. Multiple layers of ahnollllui h,L~al IUlllinu llIay he ,L~sociutcd

with the sear (reviewed in Reier 1'/ 11/.. 1\lX6. 1\lX\I). The reconstiluled husal lalllinu is

thoughtlll serve as a glia limilans. encapsulaling regions of the CNS lhut becollie exposed

10 lhe non-CN;:; envimnment following injury (Bell)' 1'/ 11/.. I\lX3). G1iul sears ure

espccially pl'Ominent in injUlies where the pial lining of the hrain is hreached. wilh

consequent migration of meningeal IibJ'()hlasL~ into the wmmd cuvily; imleed. leatures of

a glia IimilallS become appal'elll in l'ÎI'II or in vi//'() whenever asll'Ocyles und Iihl'llhlasL~

come illlo contact (Ahnetl'I 11/.. 1\1\11).

The fOlmation of glial scal's is c1assically considered undesirahle: a source of

inhihition ofaxonal gl'llwlh or regeneration (reviewed in Reier. I\lX6). u focus of

epileptifollll activity (Pollen and Trachtenherg. 1\170; Brotchi 1'/ 11/.. 1\17\1; Willmore 1'/

11/•• I\lXI) and a hindrance to remyelination (Raine 1'111/•• 1\170). However. given lhutlhe

CNS demonslrates inherent compcnsatOl)' mechanisms to mailllain function artel' a

traumalic insuIL~. why do USlrocytes hccome reaclive following injury. patticulurly

considering lhe postulated deuimental enecL~ of astl'Oglinsis'! Several functionul

pl'llpclties have becn asclihcd to reactive asll'Ocyles including the relllovalof myelin and

neumnal dehlis l'rom the injured at·ea. encapsulation of regions of lhe CNS thal arc

exposed to non-CNS environment following injUl)'. restoration of some degree of

physiological homeostasis in the injured CNS and lilling of the space vacated hy the dead

or dying cells. Increasingly. astJ'()cytes have becn ascrihcd neul'lltl'llphic pJ'()pcrties

(David. 1\1\13; Vong. in press).

Tissue culture studies have demonslrated that an astrocylic monolayer enhances

the survival and dilTerentialion of ncul'llns (Lindsay. l\I7lJ; Nohic 1'/ 11/.. IlJ1l4; Fallon.

1\l1l5; Neugehauer et 11/.. I\lllll; Chuah 1'/ Il!.. 1\1\11). most likcly via lhe pl'llductiun or
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adhesion molecules implicalcd in ncuronal dcvclopmcnl and survival (Noble et al.. 1985:

Smilh et al.. 1990). Thc majority of Ihc aslrocylcs and neurons used in lhese sludics arc

from Ileonalal or emhryonic CNS. Prcsumahly. Ihese cells have a grealcr rcgeneralive

polelllial; nonelhcless, Lindsay (1979) used aslrocyles denved from adull ral hrains. fil

l'il·o. aslrocyle-Cllnlaining implanL~ sClve as adcqualc suhstrates for uxonal gl'llwth (Silver

and Ogawa. 1983; Smith et lIl.• 1986; Rudgc and Silvcr. 1990).

Astrocytes arc capable of producing a variety of ncul'lltrophic growth faclors ill

l'itm Linder holh hasal or stimulatcd condilions. including nClve gl'llwlh factor (NGF).

Iihrohlast gl'llwlh factor (FGF). ciliary ncurolrophic faclor (CNTF; Gradient et al.. 1990;

Yoshida and Gage. 1991; Frei et af.. 1989; Femlra et al.. 198B; Rudge et li/., 1992;

CWToll et lIl.. 1993). FUlthclmorc. rcactivc ustrocytes appcar capable of producing NGF.

FGF and CNTF ill l'il'o (Bakhit et al.. 1991; Fink.1cstein et al.• 1988; Tourbah et a/" 1992;

Ipetal.. 1993).

Stah wound sludics havc shown !hal ncurotl'ophic faclors arc secreted w'ound lhe

lesion locus füllowing an injury. These faelors have becn eXlracled from inlact tissue

. adjacenl tu lhe injury wld ahsorbable Gclfoam pieccs placed in the wound cavily (Nielo­

Swnpcdro et lIl.. 1983; Whiuemore et al.. 1985; Ip et a/" 1993). Largely. aslrocytes have

been implicated in the production of these substanccs simply hascd on lhe presence of

reaclive aSlrocytes in Ihe lesion w'eus; however. ill sifll sludies by Ip et lIl. (1993)

conlil1lled Ihat aslrocytes w'C rcsponsible for the increascd CNTF production. It sccms

reasonable. therefure. Ihat reactivc astl'ocytcs mighl he responsible for the produelion of

these neurolrophic substances.

Uhimatcly. Ihc key to detelmining the l'Ole of ustl'llcytes dUling reaclive

aSll'llgliosis is not solely lO accoullt for neurotrophic propcl'lies of ustrocyles under

lInslimulaled conditions. hUl tu conlilm lhis capacity under conditions which mimic the

rcactive changes seen in ustl'llcyles. David et lIl. (1990) used unlixed cryoSlal seclions of

lransecled aduh ral optic nelve lo study the ahilily of reactive aslrocyles in situ 10 SUPPOlt

uxonal growlh of chick dorsal l'llot ganglion neUl'llils. Artel' 5 days. 30'if. of Ihe ganglia

pla~'Cd near lhe bion demlllt~lnlledeXlelt~ive ncunlc growlh. None placcd dislal 10 lhe
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lesion showed such growlh. which wus clllllpurahle 10 lhe nonllal adult rat optic nerve.

More recelllly. Miller et 1/1, (1\1\14) demonslraled thm the ahility of lL~lrocytcs to promnlc

neuJ'Ïte growth wu.~ enhanced following treatment with dihulyryl cAMP. lntcrIeukin-1 ~

(IL-I~) and macrophage conditioned medium. ail suhstances which induced reaclivc

changes in U.~lrocylcs,

This thesis aims lo flilther clwify the role of cylokincs lL~ putative mndulalors of

reaclÎve u.~lmgliosis hOlh in l'itro wld in l'il'O, Previous reporL~ l'mm lhis lahnratllry using

a slah wound plus calloslltomy mode! in adult raL~ demonstraled lhat lhe resultanl

ustmglillsis wu.~ mllst prominent in cortical areu.~ adjacent lo lhe suharachnoid spaces and

decreu.~d gradually inlo lhe deepcr cOl'lical w'Cus. implicaling snluhle and dilTusihle

factors in lIiggering lhe U.~lrocylic response (Moumdjian et 1/1.. 1\1\11), ln lhis regard. a

numher of molecules have heen replllted lo he mitogens for neonatal U.~trocyles in l'itro

(reviewed in Yong et 1/1.. 1989),

ln consideJ'Ïng possible soluble mediators of u.~lmgliosis. it is important III

consider lhat injury 10 the CNS of this type causcs the recruitmenlof inllinsic (micmglia)

and eXlIinsic (monocyles. lymphocytes. and NK cells) inllammalllry cells capahle of

releu.~ing a variety of cylokines (Goldmul1lz et 1/1.. 1986; Giulian. 1\187; Leong and Ling.

1992; Pen)' et 1/1,. 1993J, Giulian et 1/1,(1989) showed thal afLCr a needle slah III the raI

hrain. hlood-hllme monocyles and micmglia appcw' wilhin 5 h, The Iw'gest numher llf

mllnllnuclew' phagocytes is scen at 2 days after the injlll)', Al1li-inllammatlll)' agenL~.

chlomljuine and colchicine. injecLCd into the animais decreu.~d the numher of

mononuclew' phagocytes in the dlll11aged hnlin. reduced GFAP-immunoreactivity and

inhibiled nell-vu.~ulwization,

Studies measliling cylokine levels in lhe hrain fllllllwing CNS injul)' have

demllnstraLCd an im:reasc in IL-l. IL-6 and Tumor Necmsis Factllr-a (TNF-a; Nielll­

Sampcdro and Belman. 1987; Nielll-Sampcdro and Chandy. 1987; WOlldmllfe et 1/1..

1\191; Taupin t't 1/1.. 19lJ3). Evidence lhat lhe.~ cytokines flilther promllte inllammatilln

of the CNS is sUPPlllted hy sludies indicaling that a single micminjeclÎon of y-lnLCrferon

(y-IFN). TNF-a or IL-2 into lhe nlllmai CNS l'CSUIL~ in lhe recruitmenlllf inllammallll)'
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cells in the CNS parenchyma (WatL~ et 11/.. IYHY: Simmons aml Willenhlll'g. IYYO: Sethna

and Lampson. 1W 1).

Sludies where IL-I, IL-2 and y-IFN arc direclly injecleù inlll the adult rodent

hrain demllnstrated .111 increa.<;e. in the exlent or GFAP immun01'eactivity (Gililian and

Lachman. IYH5; Giulian et 11/.. IYH8: WalL~ et 11/" 198Y; Yong et 11/.. IWI J. lntraocular

injections or IFN-y. TNF·a and IL-I increased the adherence or int1ammalOry cells lo the

vascular endolhelillm and evoked a.~ll'Ogliosis in rahhiL~ (Bl'Osnan et 11/" 1Y8Y). In EAE.

inlilll'ation or lymphocytes and monocytes is p1'Ominent and coincides with astl'Ogliosis

(Smith et 11/.. 1Y8?; Aljuino et a/.. 1Y88; Camm~r et a/.. 19YO; O' Amclio et il!.. 1YYO).

Finally. previous ill vitI'(} sludies using neonatal rodent. calI' hovinc and human aùult

a.~l1'Ocyles have shown that cylokines. including IL· \, IL-6. TNF·a and y-lFN. activated

T·cell supcl'llatanlS a.~ weil as B cell producL~ are eapahle or inducing glial proliferation

(Giulian and Lachman. 1985; Selmaj et a/.. IY90; Bumu et 11/•• IYYU; Yong et 11/.. IYYI;

Benvenisle et 11/.. 198Y).

ln sllmmury. lhcn. the presence or c1evuted levels or int1ummulOry cytokines

within lhe il1illreù CNS. and lhe multiplc rep01'lS of cylokines exerting clTecL~ on

astrocyles. provide compclling rutionale to explore the l'Ole of int1ummutory cytoklncs a.~

medialors of a.~l1'llcYle reuctivity ill l'ill'II und ill l'il'o•
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Chapter 2

Derivation and Characterization of Astrocytes Cultured from

Uninjured Adult Mouse 8rains

Tl'cvor Tcjada-Bcl'gés and Voon Wcc Yong

(Suhmillcd fol' puhlication)

Abstract

Much of the work aimed at studying the properties of astrocytcs involvcs the

use of primary cell cultures. With few exceptions, these preparations are obtuinl'<1

from embryonic or early neonatal cerebra. Recent reports suggest that lhe

properties of astrocytes can vary as a function of their age and maturity; thus. ud"lt

brain-derived primary cultures would be better suited for studying the role of

astrocytes in the mature CNS. However. it has proven difficult to culture astrocytes

from uninjured adult mouse brains employing strategies similar to those used for

immature animais. We report here on the derivation und charuclerization 01'

astrocyte-enriched cultures from uninjured six-month old adult CD1 mice. By

immunocytochemistry we show a predominance of astrocytes with few

oligodendrocytes or microglial cells. Fibroblasts are a major contaminant ouly

upon long-term culturing of these cells. The adult brain-derived astrocytes exhibit a

signilicantly lower basal rate of proliferation than that of neonatal-derivl'<1

astrocytes, as assessed by bromodeoxyuridine (BrdU) incorporation.



•

•

16

Introduction

Astrocyles fmm a largc propOltion of thc cclls wilhin lhc cenlral nClvous syslem

(CNSJ and play a dynamic rolc in lhc funclioning of lhc brain. Thus. lhcy fOlm an

integral parI or lhc hlood-brain banicr. maintain ionic homcostasis. clear

neurolransmillers from lhc synaplic clelt secrele lrophic faclors and may perfonn

immunomouulalory funclions. DUling dcvelopmcnl. asll'Ocyles selVC 10 guiuc axons LO

thdr proper siles (Raldc. 1\Ill 1). Upon injury 10 lhc CNS. aslrocYles undcrgo hYPcl1l'ophy

and proliferalion in a response IClmed rcactive gliosis (rcvicwed in Linusay. 1\186; Hallen

,'1 al.. 1\1\11). Ailhough considcred dcuimcnlai LO CNS rcgeneralion (Rcier el al.• 1\183;

Reier. 1\l1l6). reaclivc gliosis may aClually be an allempl 10 promole CNS repair (David.

1\1\13; Yong. 1\1\14). Sludies poinl 10 reaclivc aslrocyles as a source of neul'Oll'Ophic

substances around the sile or a lesion (Nielo-Sampcdro el al. 1\183; Whilllemore. 1\185;

Nœdcls. 1\l1l6; Nielo-Sampcdro el al.. 1987; Miller el al.. 19\14).

AllempL~ al understanding lhe l'Ole or astrocyles in physiology and palbology

haw capitaliscd on thc abilily 10 isolale cmichcd cultures or aslrocyles and 10 cxamine

lhesc under rclativcly delined conditions. Wilh fcw cxccplions. mosl sludics havc uliliscd

embryonic or neonalailissues. Fcw invcsligalors havc atlemplcd 10 grow viablc aSlrocyte

cultures from lhe uninjured. mature murine CNS. Whether pclinatal cells represent good

modcls or adult braili asll'llcytes is a subjecl or dcbaLC. since dirrerences bctween neonata\

anu auult a.~lrocyles have bcen documenlCd.

Gliosis is a fealure of auult CNS injuries. bUl occurs 10 a lesser eXlenl as a rcsull

of lesions uuling embl)'lll1ic llI' neonatal lire (Bel1)' el al.. 1983; Barrel el al.. 19114).

allhough Ihis notion ha.~ reecnlly bcen contesled (Trimmer and Wunuerlich. 1\190; Halllen

,'1 al.. 1\1\11 J. Hallen el al. (1 \1\11) and others (Baeher & Bunge. 1\1\10; Wang el al.. 1\1\10)

suggesl Ihal lhe stale of dirrerentialion ralher lhan lhe SUiCl chl'llnological age or an

animal is important in delermining whelher a gliolic responsc ducs or does nlll OCCLU'.

The implanlation or retal- llI' neonatal-derived a.~ll'llcyles inlo lhe brain or adull animaIs al

lhe lime or CNS injUl)' decrea.~s lhe exlelll or gliosis (Kltlger el al.. 1\l1l6; Smilh &
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Silver. 19HH: Smith & Miller. 1991): on the (llher hand. 'L~lmcyles which haw malured ill

l'itro do nol havc this ahility (Smilh & SitVCI'. 19HH: Smilh & Miller. 1991),

FurthennOl'c. nconatal-derivcd aslmcylcs are rcpOl'lcdly c'lp'lhlc or pl'Omoling Ihe

regrcssion or 'In eSlahlished glial scar al'ter lransplal1lmion inlo chl'llnic injury sitcs (Houle

& Reier. 19HH), The mmuration or a.~lrocyles ill l'itro c'ln aller lheir capacily 10 cnhance

neulÏle extension (Smith et (/1.. 19901, Reœntly. we ohS<:lved a dillcrential prolircr'llivc

respons<: helween adult human '1nd neonatal mous<: a.~lrocyles 10 y-interreron ami

Inlerleukin-I (Yong et (/1.. 19lJ 1al. Whitc mitogenic rOI' adull hUl11an 'L~ll'Ocytes. lhcs<:

cylokines eilher did nOl increa.~ DNA syl1lhesis or induced a signitic'lnl decrc'lS<: in Ihc

proliferalion or neonatal mous<: a.~trocytes. suggesling thm age l11ay he '1 delermining

ractor in medialing the pmlilcralive respons<: 10 extrinsic ractors.

ln view or the concel11 that neonalal a.~trocytes may nlll he repres<:nlalive or '1dull­

derived a.~trocytes. wc S<:l out to devise a scheme rOI' isolaling a.~lrocyles l'mm the

unlesioned hrain or adult miœ. ln this communicalion. we descrihe a melhod l'or

ohtaining cultures or non-neumnal hrain cells enriched l'or aSlrm:ytes l'rom m'lIure

animais. and their suhscquent characlelüalion using cdl-spœitic anlis<:ra. Contrary 10

previous reporL~ Ihat a.~trocyles dissoeiated l'mm nonnal adult hrain gmw poorly (Singh

& Van Aislync. IlJ7H: Lindsay etai.• 19H21. lhe cells we have isolaled show a signiticanl

ha.~al levd or mitotic aClivity: alhcit lower lhan lhm or perinalal-derivcd a.~lrllCytes.

supporling our a.~sumption that thes<: adult-del;ved cdls are diflcrenl l'rom neonalal­

derived ones. The generalion or these œlls allnws one to address issues regm'ding Ihe

age-depcndent l'Ole a.~trllCytes might play in promoting nI' inhihiting regeneralion in the

mature CNS. and the possihh: dirrerences hctween petinalal- and aduh-derived a.~lmcyles

in respons<: 10 exl1;nsic signais.

Materials and Methods

Tisslle Cllltltre IIIAt/lllt Mlldlle A.wrocyte.\'
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Animals were obtained l'rom Charles Rivel' Canada (Montreal, Quebec). Thesc

consisted of relired female CD 1 brccders approximalely six monlhs old and weighing

l'llughly 30 g each. On average. 10 animais were uscd for each preparalion.

Animais were euLhanized via ether anaeslhesia. Lheir cerebral lobes rcmoved and

washed twice in sterile phosphate-buffered saline (PBS). The tissue was cut into 1-3 mm'

fragmenL~. Iinscd extensively in PBS and incubated with 0.25% trypsin (Gibeo) and 100

Ilg/ml DNAsc (Sigma) in PBS for 15 min at 37°C wiLh no agitation. The 110ating

suspension was removed and passcd through a 132 Ilm nylon mesh which scrved to retain

undissociated fragments. Fetal bovine scrum (FBS) was added to the Iiltrale at a tinal

conL'Cntration of 1% to inactivate Lhe trypsin. The undissociated lissue was reincubated

wilh 0.125% lI'YPsin and 100 Ilg/ml DNAsc for anoLher 15 min al 37°C. Once again. lhe

dissocialed cells werc tihered Lhrough a 132 Ilm mesh. while lhe soliened tissue

fl'agmenlS which remained were sieved via two consecutive passes lhl'Ough nylon messes

of 210 and 132 Ilm pore sizc. rcspcclively. The cells were subsequenlly cenllifuged al

1.5(X) l'pm fol' 15 min. resuspended in PBS. mixed in a 30% Percoll (PhaJmacia) gradienl

aJld cenllifuged once again al 15.000 l'pm for 30 min at 4°C. The viable cells. 110aling

hclwccn an upper layer of myelin and debtis aJld a lower layer of l'Cd blood cells werc

rcmoved aJld diluted in 5 volumcs of PBS and collected by cenllifugation at 600 rpm for

10 min. Finally. lhe cells were washed lwice in PBS. suspended in feeding medium

(approximately 2 x 10' cellslml) aJld seeded onlo poly-L-Iysine- (PL) coated (10 Ilglml)

25 cm' Falcon l1asks (4 ml pel' l1ask). Fccding medium consisted of Eagle's Minimum

Esscnlial Medium (IX) supplemenled with 5% heal-inactivated FBS. 1 mg/ml dexll'llsc

and 20 Ilg/ml gentamicin (all purchascd l'rom Gibco).

The l'ollowing day. all cellular debtis was removed aJld lhe cullures were 1100ded wiLh

feeding medium. Cells werc mainLained al 37°C in a humiditicd ineubalor (5% CO.).

and lhe medium WlL~ ChaJlgcd 2 to 3 times pel' wcek.

Mter lU to 14 days i/l l'il/'O. the cells were rcmoved l'rom the l1asks using 0.05%

lI'YPsin aJld 20 Ilg/ml DNAsc. FBS was added to inactivate thc lI'Ypsin and the 110ating
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ccUs WCI'C coUcclcd. ccntl'ifugcd (2 (](]() l'pm fol' 10 min) and rcsuspended in fccding

mcdium. Thc ceUs WCI'C suhscqucntly plalcd onlo PL-coatcd (10 Ilg/ml) 9 mm Aclal'

covcl'slips at a dcnsity of Ill' ccUs pel' covcl'slip. and used for expel'imCnL~ within 1 10 2

wccks foUowing l'ctrypsinizalion to minimi1.c thc proportion of contaminating Iihl'l1hlasL~.

A pl'opOition of ecUs l'cmained adhcrcnt 10 thc culture t1ask lilUowing Ihe

l'cll'ypsini1.l1tion pl'occss. These strongly adhcl'cnt ccUs wel'e t100ded with feeding

medium; in sorne cascs. thcse WCI'C rctrypsinized (1l.075% Irypsin) and the ceUs coUected

fol' fUl'thcl' charaCIC\;1.l1tion artcl' vigol'Ous shaking or thc t1asks.

Tissue Cu/lure ofNeo/lallli MUI'ine Asll'ocyles

Nconatal mousc astrocytes WCI'C l'rom 1 day old CD 1 outbl'cd pups. Wholc hl'ain

was dissccted into 1mm' picccs and incubated with 1% trypsin and JŒ) Ilg/ml DNAse in

PBS fol' 10 min at 37°C. FBS at 1% linal conccntration was addcd to inactiValc thc

tl'ypsin. FoUowing trituration with a Pasteur pipette. thc ccU suspension was passed

thl'ough a 132 mm mcsh to l'clain undissociatcd fragmcnts. Thc Iiltrate wa~ collecled. '\

. wa~hcd and ccnu;fugcd twicc in fccding mcdium. and thcn plated onto uncoalcd 25 cm'

Falcon t1asks at a dcnsity of 1 x IOblml of fccding mcdium. CcUs WCI'C lcrt li)1' 7 lU III 1

days al 37"C in a humidilied ineubatol' (5% CO,) with medium changes c~èl'Y 2 10 3

days. Fecding mcdium during Ihis period was similar to that of thc adult ccUs. CXCCpl it

containcd 10% FBS. The ccUs wel'e rcmovcd 7 to III days foUowing Ihc initial

dissociation proccss and plated on coverslips in the sarnc manncl' a~ Ihc adult a~trocytcs.

Purity of astl'ocytes for up to 2 wccks foUowing rcplating wa~ ovcr 90% a~ judged by

immunot1uorcsecncc for gliallihriUary acidic protein (GFAP; not shown).

Intlil'eCIIIIIl/lllllOj/UOl'escence Labelling

Thc major ccUtypes in thc udult mousc hrain preparations WCI'C characterised hy

slaining with a Vat;cly of antihodics. Antihodics wcrc diluted in a solution of 2% hOl'se

serum. 2'if· HEPES hulTcl' (1 mM) and Ill'if goat serum in Hank's halanccd salt solution.

at'hitrarily tcnned HHG (all constituenL~' purcha~d l'rom Gihco). Staining with rahhit
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anti-GFAP (1: 100; DAKO) and Rh-conjugatcd shccp anti-Iibronectin (FN; 1: 100; Serotcc)

was pcrflllmed on ceIls Iixed for 15 min at -20°C in 5% glacial acetic acid:95% absolutc

ethanol (acid:alcohol). Mouse anti-galactocerehroside (GaIC; mouse hybridoma

supcl11atant. used neat; Ranscht et a/.. 19R2). rat anti-Mac-I (1: 1(Xl; BllChlinger­

Mannheim) and rat anti-Thy-I (1:10; gil't l'rom Dr. Trevor Owens. McGiIl University)

antihodies were applied to live cultures. which were suhscquently lixed in 2%

parafol1naldehyde for 5 min at 4°C followed hy 15 min at -20°C with acid:alcohol. 1'0

lL~seSS the hackground level of l1uorescence. cells serving as negative controls were

incuhated in HHG instead of pl;mary antiscra.

A FlTC-conjugatcd goat anti-rahhit Ig (1: 100; Cappcll) was applied to stain for

GFAP; however. a Rh-conjugated goat anti·rabbit Ig (1: 100; CappcU) was used when

douhle-staining for Thy-I anligen and GFAP. A Rh-conjugated goat anti-mouse IgG

(1: 150; CappcU) was u~d for GalC visualisation. CeUs incubatcd with plimary anlisera

for Mac-I and Thy·l were labelled with a biotinylated anti·rat IgG (1: 100; YeclOr)

followed hy Streptavidin-FITC (1:100; Bochlinger·Mannheim). The ceIls on eoverslips

were ineuhated with 16 III of diluted antiscra for 45 min at room tempcrature in a humid

chamber. The coverslips were mounted with Gelvatol on glass slides and viewed using a

Leitz l1ulll'escence microscope. Photomierographs of stained eeUs were taken on Kodak

Tri-X Pan IiIm. 1'0 detennine the pcreentage of different ceU types present in these

cultures. the Illllnber of positively labeUed ceUs on hall' of a eoverslip double stained for

cithcr GFAP/GalC or Thy·l/FN was divided hy the total number of ceUs within the same

region (llllLXimum of 3(X) ceUs eounted).

Assessil1g Astmcytic Pm/(femtiol1

The number of lL~tl'llcytes undcrgoing mitosis was visualised using a GFAP-BrdU

douille immunol1uorescence technique. The ceUs were pulsed for VUl;OUS pcl;ods of time

\Vith 10 pM BrdU (Sigma). a thymidine analogue incorporated duling the S-PhlL~ of

mitosis. This method aUows precise identiliealion of a proliferative astrocyte. The

GFAP-BrdU douhle immunol1uol'cscenee technique is dcsclibed in detail elscwhere
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(Yong and Kim. 1987; Yong et al.. 1991 a). Bliel1y. the cells were Iixed in 70'if, EtO\-! at

-20°C l'or 30 min and rehydraled with PBS. The ceIls were incuhaled with a polyclonal

rabhit anlihody 10 GFAP (1: 1(K); DAKO) l'or 45 min at room temperatul'e. l'ollowed hy a

FlTC-conjugaled gOal anti-rahhitlg (1: I(XI). 1'0 denalure the cellular DNA and allow the

antihody access to any BrdU which may have bcen incorporated . the cells werc lreated

with 2N \-!CL l'or 10 min l'ollowed hy sodium borate (p\-!l).O) l'or anlllher 10 min. The

BrdU was labelled with a monoclonal mousc antibody to BrdU Il:25; Becton-Dickinsun)

rollowed hy a Rh-conjugaled goat anti-mousc Ig sccondal'Y antibody (1: ISO). The

coverslips were coded by a colleague and mounted on glass slides with Gdvalol 10 allow

l'or blind wmlysis. Using a LcilZ l1uorescence microscope equipped with FITC and Rh

opties. the number or GFAP-BrdU double-positive cells as a perccntage or all GFAP'

astrocytes was assessed.

Staristicaill/wlysis

Trealed and untreated responscs were analyscd using a one-way ANOYA wilh

Duncan's multiple compw;sons or ail groups. A dilTerence was considered signilicalll il'

p < Il.05.

Results

Pl'i/l/lI/)' Cell CI/lft/I'es

The initial dissociation procedure pl'Oduccd a ccII suspension with much cellular

deblis. On average. 2.5-3 x 10' viable (Trypan blue-excluding) cells were l'ecovered

initially l'or each animal uscd. By 24 hours. most viable cells had atlached to the Ilask.

and a change or medium at this time removed the bulk or cellular deblis. Upon

examinalion. lhere was no evidence or viable cells inthis suspension which was removed.

Cultures hccame cleaner and l'l'CC or dehlis with each suhsequent change or medium.

Miel' a rew days in culture. the cells hcgan to change morphology. pruducing a mixed

pnpulalion or ceIls. By two weeks in l'itm. when the cultures were retrypsinized. the cells



•

•

22

hau l'onncu an alinoSI conllucm laycr. Al lhis limc. an avcragc or 2.5 x 10' viablc ccUs

wcrc l'CCI, .crcu pel' animal useu.

A pUZl.ling ohservation was lhal l'rcshly uissociatcu ccUs uiu nol auhcrc 01' gl'llW

iLS weil on covcrshps as lhcy uiu in Ilasks. Initially. atlCmpLs wcrc mauc 10 grow lhc cclls

uirectly omo PL-coalcu plastic and/or glass covcrslips. Exccpt for a Icw culturcs. lhese

ceUs uiu not gl'llw wcll. Howcver. il' lhc cells wcrc secucu onlo PL-coatcu Ilasks anu

alloweu 10 grow 1'01' a pcliou or 1 10 2 wccks. thc cclls auhcrcu III Ihc Adar eovcrslips

very soon 1'0Uowing rctrypsinization. Moreovcr. lhcse culturcs werc highly cnrichcu 1'01'

aSll'Ocytes. . hus. ail suhse4ucnt isolations involvcu inilial sccuing on Ilasks III estahlish

Ihc cullures 1'0Uoweu hy rctrypsinization omo covcl'slips l'or eharaclcrizution.

ChIlI'llCI<'rizm;1I11 IIfCel/s

Amisera uircctcu at ccll-spccilic surfacc antigcns or cytoskcletal proteins werc

useu to iucntify which cclls mauc up thc hulk of our cultures. Thc usc of an untihouy

against thc aslrocytc-spccilic markcr. GFAP. showed thatlhc majm;ty or thc cells in our

CUllUI~S wel~ or this typc (88-96%: Tahlc 1). Thcse GFAP' cclls exhihitcu a l'ange or

morphology (Fig. la-c) similal' III Ihat ohscrvcd 1'01' auult humanastrocytcs (Yong el III.•

1~!YO). OUi lhe m<\jlll;ty hau largc nuclci. cyloplasm-Iich pel;carya. and extcndcu rew

thick processes. While Ihe large majOl;ty or thc cells within our cultures were astrocytes

(over XX%). the perccntage or thcsc cclls vw;cd l'rom prcparation to preparation (Tablc

1).

A small numhcr or cclls slaincd positively for GalC (1-2%: Table 1)

uemonslraling Ihe relative ahsencc or oligodcndroglia in thcse astrocytc-em;chcu

cultures. Thc GaIC' cclls usually appcw'cu singly (Fig. 2a-c). although groups or cclls

\Ven: ooserveu (Fig. 2u). Many of thc GalC' cclls cxtendcd shcct·like processcs (Fig. 2c)

prooahly in an atlcmpt to l'mm a myclin-Iike sheath as suggcsteu by others (Vick el III..

1<J'JO). As melllioneu in the MClhods. smnc cclls remaineu atlached aftcr thc initial

n:lrypsinizution proceuurc. By using a second tl'Catment or lI'YPsin and vigol'llus shaking

or the Il:Lsks. sume of these sll'Ongly adhercm cells \Vere rccovereu: the numhcr or GaIC'
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ccl\s in lhc scconu rccovcry wus suhstunlÎul\y incrcuscu (Fig. 2u). InuccU. using u Nikon

invcl1cu phu.o;c COlllru.~t light microscope. ccl\s rcscmhling oligoucnurocylcs

morphologicul\y wcrc sccn in thc 11u.~ks rol\owing lhc initiul rctrypsinizUlion (Fig. 3a).

Thc slrong uuhcrcncc or thc oligoucnurocytes to lhe PL-couleu 11u.~ks mighl expluin thc

high purity or OUI' U.~lrocylc cultures.

Afler 2 to 3 wecks posl-relrypsinizulÎon. the numhcr or GFAP-ncgUlive cclls

hegun 10 incrcu.o;c. Thcsc ccl\s exhihiLCU streuky FN staining (Fig. 4a). Thy-\ unlÎgen and

FN uouhle sluining uCmOnSll'Uteu lhut lhesc cel\s werc ulso Thy-\-positive (Fig. 4a.h)

supporlÎng OUI' u.~sumplion thul they wcre Iihrohlu.~L~ (Linusuy ('1 11/.. IllX2). Thy-I

staining wu.~ ulso eviucnl in u lurge propol'lion of GFAP' U.~lrocyles (Fig. Ie.d). This is in

disugrecmcnt wilh u rcpOl't hy Lindsuy ('1 11/. (I1182). hut supporL~ lhe resulL~ of Pruss

(1 \17\1). As u rcsult. we werc unuhlc to emich for U.~trocyles using unlÎ-Thy-l-medialed

immunocytolysis u.~ desclihcu (Linusuy el 11/.• 1\182). Evellluul\y. Iihroh\u.~L~ were lhe

only contaminUling ccl\-typc prescnt in signilieuntly lurge numhers (>5%) uppeuring only

ufler long-lerm cultllling (over 1monlh) of thcsc ccl\s.

Monocylcslmuerophuges wcrc uhscnl l'rom thc trypsinized porlion of OUI' cullures

u.~ u.~scsscd hy sluining Wilh unli·Mue-1 (Fig. Sh). As u posilive slaining control we uscd

cultures of neonulul mousc u.~lrllCytcs (Fig.Su). Ccl\s rcscmhling microglia rcmained

udhcrenl to lhc 11u.~ks fol\owing rctrypsinization (Fig.3h).

BII,\'II/ Rille (IfA.~ll'IIt)'lic Pl'lliifemlion

ln ordcr 10 dCLCnninc lhcir upproximutc ruLC of prolifcl'Ution. wc compurcd thc

l'Ulc of BrdU-uptakc of hoth udult- und nconutal-dcrivcd U.~trocyles in l'ill'll in 5% FBS·

eontaining mcdium. Cells on coverslips werc pulscd with 10 mM BrdU for 2. 16. 24. 4X

unu l)6 hours. Thc eclls were suhscqucnlly Iixcd und s'tained fol' GFAP and BrdU u.~

uutlined in the Mcthods. Figure 6 illusll'Ules Ihc resulL~ of this douhle

inllTIunollulll'cscencc tcehni4ue. Figure 7 shows thc hu.~ul l'Utc of BrdU uptakc of hoth

udult- and nconutal-dcrivcd U.~trocyLCS. Thc rutc wus vuriuhle umong adult ccII

prcparutions. Howcvcr. the hu.~ul levcl of BrdU incorporation hy lhe cel\s derived l'mm
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uninjurcd adult animais was signilicantly lowcr than that or neonatal asll'ocylCs l'or eaeh

pcriod or BrdU pulse lCsted.

Discussion

While melhllds l'or ohlUining highly cm;ched cultures or embryonic 111' neonUlal

mdcl1l aSll'Ocytes have becn weil descrihed (Manthorpe et al.. 1979; McCaIthy and de

Vellis. 19KO; Stieg et al.. 19KO). a much more limilCd number or studies have atlCmpled

lo i.~olale astrocyles l'mm mature rodent animais. Singh and Van Alstyne (1978)

demonstraled that while they were unable ta gl'llw astroglia l'rom nOimal adult rat

striatum. they were capable of cultUl;ng these ceUs l'rom su;atum 5 days after the

induction of reactive gliosis in responsc ta a chemical lesion with kainic acid. ln 1982.

Lindsay et al. observed a somewhat similar phenomenon. They repOited that pure

astrocyle cultures could he grown l'rom the corpus callosum of adult raL~ 5 days after a

knife lesion. but not l'rom uninjurcd rat brain. More rccently. Norton et al. (1988) and

Vick et al. (1990) repOited the ability ta derive em;ched astrocylC cultures li'om the adult

raI hrain; while Vel11adakis et al. (1984) were able ta grow an astl'Ocyte-conlUining mixed

culture l'mm the cerebral hemispheres of aged micc.

ln this report. we have describcd a method for obtaining viable cultures l'rom the

brains of uninjured adult mice which aI'e highly enriched 1'01' astmcytcs (>88% GFAP').

To our knowledge. this is the lirst descl;ption al: a protocol for growing astrocylC­

em;ched prepaI'ations l'rom uninjured adult mousc brain. Sorne GalC' ceUs were secn in

thesc cultures. but the majOl;ty of thesc oligodendrocylCs remained atlUehed to the l1asks

1'0Uowing the retrypsinization process. This was also the case for ceUs of the monocyte

lineage as none of the cultured ceUs in the adult preparations stained for Mac-l; however.

cdls resembling microglia were evident in the llasks post-trypsinizalion. lt is interesling

10 note lhat the adhesive propclties of oligodendrocytes and microglia. as comparcd to

those of aSll'lK:yles. arc reversed in our adult murine cultures l'mm Ihosc of neonalUl­

derived cclls whcre oligodendl'lK:yles and microglia do not allach as strongly (McCaIthy
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lUld de Yellis. 1980: GiulilUl and Baker. 1986), FUl1helmore. oligodendl'Ocytes l'rom the

adull ral or human hrain have pOOl' adhesive pl'Operties which allow their purilication hy

removal or Iloating cells rollowing a day or incuhation on uncoated Ilasks (Yong t'/ 1//..

1991h),

As a result ot' the added dil1ieu\ly or cultuling astrocytes t'rom mature animais.

most in vi//'(} studies have capitalized on the ahility to culture astl'Ocytes l'rom the hrain or

perinatal animais, However. pelinatal-derived astrocytes may not he a good modcl

system l'or studying the pmperties or astmcytes in the adult anima\. Young. rclutively

undilTerentiated astmcytes may have dirrerent hiologic propelties l'mm older. mure l'ully

dirrerel1liated ceIls, For example. duling the development ot' the CNS. astrocytes have a

high mitotic rate which deereases as a t'unction or age (Kon'. 1986). However. cells in the

adult mdent hrain do retain the ability to divide (MeCm1hy lUld Lehlond. 19118: Schipper

lUld WlUlg. 1990). orten in response to injury (Latov el a/.. 1979: Miyake el al.. 1988) mld

disease (Smith el lI/.. 1987). FUl1her appm'Cnt dilTerences hctwccn neonalal and adult

cells have heen elahorated in the introduction,

:'>!1lI1on and Fm'oolj (1989) have reporled on the presence or vimentin'/GFAP'

IGaie cells in cultures or matUl'C l'al hrain whieh hccome vimentin'/GFAP·. mimicking

the vimentin to GFAP trlUlsition whieh occurs developmentally (Dahl. 1981). They

pmpose that the astl'Ocytes growing in their cultures mise t'mm a population or glial

precursor cells present in the adult hrain, At present. we m'e unahle to make any

conclusions regm'ding the origin or the GFAP-staining in our cu\lures, However.

pmgenitor cells have becn isolated l'mm the optie nerves or adull raL~ (ITrench-ConstlUlt

lUld RaiT. 1986: Woiswijk and Nohic. 1989) lUld stliata ot' adult mice (Reynolds and

Weiss. 1991). The 02A pmgenitor cells isolated t'rom lhe optie nerves or raL~ appear

rundamentally distinct l'mm lheir counterparL~ in pelinatal lUlimals (Woiswijk and Nohle.

19119). This rurther argues l'or lhe use or age-matched conlrol preparations in viII'(} il' an

allempl is 10 he made at con'elating these resulL~ with in vil'(} ohservations. lt would he or

interest to a.~ertain whether lhe enriched a.~lmcyte cultures desclihed here arc indccd
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malure lL~lrocyles successfully isolaLCd from lhe adull mousc hrain or ralher aslrocyles

malUl;ng from progenilor cclls presenl in adull animais.

ln summary. lhe resulL~ rep0l1ed in lhis communication demonslrale lhat il is

possihle to grow lL~lrocYLC-em;ched cullures from lhe brains of malure. uninjured mice.

Conlrary lo earlier reports. lhesc cclls are viable. and exhibit a modesl hasal level of

proliferalion lL~ melL~ured hy BrdU incorporation. The miLotic rate of adull mousc

lL~lrocyLCs is. however, signilicanlly lower lhan lhal of perinatal-derived astrocytes

supporling our lL~sumplion lhal lhesc cells arc dislinguishahle from lhe cells roulinely

isolated fmm neonatal cerehra. The prOlocol we have dcsclibcd lays the foundation to

address lhe possihle age-dependenl neuroll'Ophic properties of aslrocyles. and lhe

differcnces hetwcen perinatal- and adull-delived aslrocytes in responsc lo exu;nsic

signaIs.
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Figure Legends

Figure 1: Characterization by indirect immunofluorcscence of astroglial cells

derived from uninjured adult mouse brain. Cells staincd with an antihody lo OFAP

showed a range or morpho\ogy (A-C). A large proportion or lhe OFAP-positive cells in

C stained l'or Thy-I (D); however. some cells were Thy-I negalive (U11'l1WS). X 1lKX),

Figure 2: Galactocerebroside immunofluorcscence of adult llIouse-deriVlod

oligodendrocytes after one (A,B) or two (C,D) retrypsinization procedures. MOSlOr

lhe cells appcared singly (A-C). allhough oligodendrocytes were more numemus

rollowing a second retrypsinization (D). Many cells eXlended GalC-positive sheel-like

pmcesses (C). X 1(XXI.

Figure 3: Phase contl'ast of oligodendrocytes (A) and microglia (B) which remained

attached to culture flasks following an initial retrypsinization process (3 days post.

retrypsinization). X 12(X),

Figure 4: Fibronectin and Thy·l antigen double immunofluorcscencc staining of

fibroblasts in adult mouse preparations. Thesc ceUs appcarcd in signilicanl numhcrs

only arler long-lelm ~ulluring. X 1(XXI.

Figure 5: Immunofluorcscence staining of adult mouse-derived preparations for

monocytes using an anti·Mac-l antibody. No posilive sLUining cells were evidenl (B).

NeonaLU\ mouse cullurCS werc used as a positive conlml (A). X 1(XX).

Figure 6: GFAP·BrdU double immunofluorcscence of adult mouse astrocytes. GFAP

is shown in A while lhc com:sponding BrdU lahclling is shown in B. ASlrncyLCs lhal

have incorporaLed BrdU arc indicaLcd by U1TOWS. X 1(XX),
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Figure 7: Adult mouse astrocytes have a signilicantly lower rate of 8rdU

incorporation than nconatal mouse astrocytes at ail periods of 8rdU pulse testcd.

Values are mean ± SEM wilh lhe numhcr or eoverslips analyscd shown in parenlhescs

(signilical1l il' p < O,OS. lIsing I-way ANOVA wilh Duncan's mulliple compUl;sons), Ali

reslllL~ were ohlained l'rom coded specimens,
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Table 1. Percentages of Major Cell Types Following Retrypsinization 33

of Adult Murine Cultures

Cell Types

Astrocytes Oligodendrocytes Fibroblnsts
Culture (DIV)' (% GFAP+)b (% GnlC+)b (% llly-I+FN+i'

W95 (16) 95.7 ± 0.8 0.7 ± 0.3 o ± 0

W310 (20) 90.6 ± 0.9 2.3 ± 0.5 2.4 ± 0.8

W305 (27) 88.4 ± 1.3 1.8 ± 0.8 5.8 ± 0.6

• DIV represents days in vitro after initial dissociation procedure.
"Mean ± SEM offour coverslips as described in Materials and Mcthods. Total
percentages do not add up to 100% as sorne cens were unidentifiable.
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Comparison of BrdU Uptake:

Adult and Neonatal Mouse Astrocytes
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Chaptcr 3

Differentiai Proliferative Response of Human and Mouse Astrocytes

to l'·lnterferon

Voon Wcc Yong. Trcvor Tcjada-Bcrgés. Cynlhia G.Goodycr. Jack P. Alllei. and

Fiona P. Yong

(Glia 6: 269·280. 19(2)

Ahstract

We have previously shown that 'Y·interferon promoted the proliferation of

adult human astrocytes isolated from brain biopsy specimens. In contrast. in the

present study, astrocytes derived from neonatal mouse brains and treated with

recombinant murine 'Y.interferon responded by a decrease in proliferation (average

of 511% at 1110 U/ml). The basal rate of proliferation as assessed by

bromodeoxyuridine incorporation was markedly increased in neonatal mouse

astrocytes when compared to the adult human cells. suggesting that age, and the

corresponding metabolic activity of cells, could he important determinants in the

mitogenic response of astrocytes to cytokines. However. subsequent examinations of

fetal human and adult mouse astrocytes with comparable basal rate of proliferation

to neonatal mouse and adult human cells respectively. showed 'Y·interferon to

promote J>NA synthesis in fetal human astrocytes while inhibiting that of adult
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1lI0USC a~trlJCytes. The resulL~ suggest species-specilic dilTerences in the proliferative

responsc of hUllIan and 1lI0USC a~trlJCyles 10 the cytokine 'Y-inlerferon.

Introduction

ReUl':live glillSis. where astrocytes undergo proliferation and hypel1l'llphy. is a

prominem Ii:atllre fllllowing many types Ill' injllry 10 the l.:entral nelVllllS system (CNS).

AnempL~ tll lInderstand the mlllCl.:ular signais lhat indul.:C gliosis have indllded stliJies

aimed at asscssing mediator(s) of proliferation of l.:ultured astrocytes. Til lhis end. a

nllmher Ill' slllllhie molel.:ules have hccn rep0l1ed to he mitogens for aSll'l)Çytes in l'ilro.

This Iisl indlldes lihrohlast growth factor (FGF). epidelmal growlh factor (EGF). glial

growlh factor l'rom the hovine pitllitary (GGF-BP). platelet-delived gl'Owth factor

(PDGF). inslilin-like gl'llwth factor-I (IGF-I). hiologically active phorhol esters. and

certain vasoactive peptides sllch as vasoaclive intestinal peptide and endothelin (reviewed

in Yllng t'I 1/1.. IYXY).

Anenlion has also f()ÇlIscd on cylokines as indllcers of aSlrocytic proliferation.

This has merit in lhat inllammalory mononudear cells such as lymphocytes. hloodbol11e

mllllol.:yles/macrophages. and inltinsic hrain microglia ceUs arc known to he prescnt

arollnd Icsilln sites in the hrain. pat1icularly when the hlood hrain hanier is hreached.

Thlls. supel11atatlL~ delived from lymphocyles activated in vitro can indllce proliferation

llf rodent (Fonlana el 1/1.. IYX(): Menill el 1/1.. (984) or hllman (Batna el 1/1.. IYX5)

;L~lt·l)Çytes. ln addition. specilic pUlilied cytokines induding interleukin (lL)-1 (Giulian

am! Lachman. IYX5: Gililiatl et 1/1.. 1'.188: Nieto-Sampedro atld Belman. 1987). tumol'

necrllsis faclor rrNF-a) (Barna el 1/1.. 1990: Sclmaj ell/I.. 1990). and IL-6 (Sclmaj el 1/1..

IIN()) arc replll"led mitogens.
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Wilh few exceptions. lhe aforemelllinned sludies utilized aslrncyles deri"ed l'mm

Ihe neonatalor felal hrain. G1iosis. on the nlher hand. is a feature nI' 'Idult CNS injuries

and oceurs lo a lesser eXlenl (if al ail) in insulL~ inl1icled during emhrynnic nI' nennalal

life (Sullli and Hager.196H: Bignami and Dahl.1976: Bell)' "/1/1.. IlJH3: BmTell /'/ 1/1..

IlJH4). allhough lhis eonlenlinn has re,elllly heen ,hallenged (Edan,her /'/ 1/1.. IlJ')Il:

Trimmer and Wunderlkh. 19911: Hallen ~/ 1/1.. 19lJ 1). Sludies of prulifenllion of

aslro,ytes l'rom lhe adult hrain may Iherefore he more relevanl lo underslanding lhe

medialllrs of gliosis postinjury. QUI' lahnralllry has heen examining soluhle faelnrs Ih.1l

,ould pruduee proliferation of adull human aslrlll:yles ,ultured l'rom hrain hiopsy

spedmens. While aUlopsy derivcli aslroc.:yles ,ould nlll he indueed 10 pruliferale (Yong "/

1/1.. 19H1l). hiopsy-derived adult human astrocytes undergo a low hasal l'me of

proliferation in l'ir/'(}. Supcl11atanL~ collecled l'rom activated CD4+ or CDH+ human

T-Iymphocyles slimulated DNA synthesis as measured hy hl'llinodeoxyuridine

incorporalion (Yong ~/ al.. 199Ia). The e1TecLS of Ihe Iymphocyle supernalanL~ could he

complelely blocked hy a neutralising antibody III y-inlerferon (y-IFN). hUI nol hy

neulralising alllihodies to IL-I nI' TNF-C(. Added alone. re,llInhinanl human y-IFN

evoked proliferatinn of adult human astrocyles.

When adull human astrocyles were Irealed with EOF. FOF. PDOF. and 101'-1.

lhese heing mitogens for embryonic or neonatal rodent and human astroc.:ytes as replll'ied

hy several groups including our nwn. no increase in proliferation was ohserved (Yong "/

1/1.. 1W1a). Such Iindings suggest that the age of the hrain. wilh concordant changes in

the state of matUlity and metaholic activity of cells. could he a delelmining raclor in

inl1uendng whether or nlll a proliferative response wouId occur. In the preselll

mWluSClipt. wc have dircctly compared the milogenic capability of y-IFN on adult human

as weil as neonatal mouse astrocytes. The resulLS show that in contrasl lo adult 11lIman

cells. y-IFN reduced the proliferation of neonatal mouse astrocytes. To fUl1her resolve

whether lhis differential response wa~ duc III the age of the animais l'rom whkh the a~tro­

cyles were dClived. or spccies differences. a~trocylCs were cultured l'rom Ictal human and

adult mouse hrains. Suhse4uellltreatment with y-IFN J'Cvealed a proliferative response for
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fcla! human astnx:ytcs hut an inhihition of DNA synthesis for adult mousc cells. These

rcsulL~ suggcst spccies dilTercm:cs in the pl'Oliferative responsc of aSll'Ocytcs III y-IFN.

Materials and Methods

Ct'I/ Cullu/'t'

Adult human glial cultures werc isolaled l'rom lhe temporal eortex of Il palicnl~

(averagc age 29.1 ± 2.7 years. mean ± SEM. Tahle 1) undergoing surgical resection to

ameliorate intractahle epilepsy. Cell dissocialion was hy a pl'Otocol desclihed in delai!

clscwhere (Yong eT al.. 1990. 1991h). For the majolity of the cultures used. the pUlity of

astl'Ocytes following removal of oligodendrocyLCs and most microglial cells was about

70%; lhe remaining 30% consisLCd mainly of microglial eells whieh prcsently cannot he

fUlther climinaled. ln a minolity of cultures. wherc rcmoval of microglia cells was not

actively sought. the pmpOition of microglia cells was substantially higher (up to 80%);

however. we have previously demonSlraLCd lhat the mitogenie aClion of y-lFN did not

. depend on lhe relalive presence! absence of microglial cells or thcir secrelory pl'OdUCLS

(Yong eT al.• 199Ia). Plaling densily on ID Ilg/ml poly-Iysine (PL)-coaLCd Aclar

lluonx:arhon 9 mm coverslips was 10' cellslcoverslip. Fccding medium was Eagle's

minimum essenlial medium supplemenLCd Wilh 5% fela! bovine serum (FBS). 1 mg/ml

dexll'Osc. and 20 llg/m1 genlamicin.

Neonatal mouse asU'ocyles were l'mm l-daY-!Jld CD1 oUlbred pups. Whole brain

was dissecled inlo cubes of 1mm and incubaled Wilh 1% trypsin and 100 Ilg/ml DNAse

in phosphate-buffered saline (PBS) for 10 min al 37°C. The sll'Ong lrypsin Solulion was

removed and the cubes fUlther incubaLCd with 0.1 % lrypsin and 100 Ilg/ml DNAsc in

PBS fol' 30 min al 37°C. FBS al l'if linal concenlration was added to inactivale lhe

trypsin. Following tlituration with a Pasteur pipette. the cell suspension was pa.~d

lhl'Ough a nylon mesh of l30 mm size to l'Clain undissociated fragmenlS. The Iiltrate was

~·ollcctcd. wa.~hcd and cenllifugcd twicç in fccding medium. and platcd into 25 cm'

Falcon lla.~ks at dcnsity of 5 million cells in 5 ml fccding medium. Cells wcre left for 7 to
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10 days al 37"C in a humidilied ineuhalor, wilh medium change evcry ::! 10 3 days.

Fœding medium dming lhis period was as descrihcd l'or lhe hUlllan cells. ellcepl lhal Ihe

FBS conlelll was 10'7<. To relllove cells l'mm lhe l1asks, O.05'if lrypsin W'L~ uscd l'or 10

min al 37"C. FBS al 1~ Iinal concenlralion wa.~ added 10 inaclivale lhe lrypsin and lhe

Iloaling cells were lhen L'ollœled. L'Cnuiruged. and resuspended in 1l.'Cding medium. Al

lhis slage. lhe reeding medium containing 5% FBS descrihcd l'or lhe human cells W,L~

uscd. Cells were plaled onlo Iwo dirferenl lypes or coverslips coaled wilh 10 1lg/1ll1 l'L.

In lhe Iirsl. mouse a.~ll'Ocyles were plaled onlo 9 mm Adar coverslips al densily or 10'

cellsl coverslip for hromodeollymidine sludies (sec hclow); lhis is idenlical 10 lhe

condilions fol' adull human cells. The second ulili1.cs 13 mm gla.,,~ coverslips al plaling

densily of 25,lKKl cellslcoverslip (for ['HI-thymidine studies). Purity of a.~trucytes for up

10 2 wœks following replating was over 90% as judged hy immunol1uorescence for glial

Iihrillary acidic protein (GFAP). an intelmediate lilarnent of a.~trocytes. Mouse astrucytes

were uscd for ellperimenL~ within 10 days following retrypsini1Altion since lhe propol1ion

of contaminating tihrobla.~ls increascs sleadily lhereafter.

Feta\ human astrocytes were derived l'rom the brains of abOltuses or 10 10 18

wœks geslation. Thesc tissues were ohlained at the time of lherapeulic ahOitions (hy

dilalation and clll1'elage) wilh approval l'rom locallnslilulional Elhics Review Commillœ.

To ohlain viahle cells. cuhcs of approllimately \ 10 3 mm were incubated with 0.25%

lrypsin and IlKIIlg/ml DNAsc l'or 30 min al 37°C. FBS al 1% tinal concentration wa.~

added and lhe suspension was lriluraled wilh a gla.,,~ pipel 10 fUlther break up

undissocialed fragmenL~. Following lillralion lhrough a 130 mm nylon mesh lilter. lhe

liltrate wa.~ cenuifuged al 1.2(Kl l'pm fol' 10 min. The cell pellel wa.~ resuspended and

wa.~hed twice in the 5% FBS fccding medium descrihcd. Twenty million cells in 10 ml

feeding medium were plaled omo 10 Ilg/ml PL-coated IlX) mm dishes. Fccding medium

wa.~ changed only once every 4 days 10 allow neurons 10 die. AI'ter 2 weeks. cells were

rcmoved l'mm the dishes wilh 0.05'h· Irypsin and plated onlo gla.,,~ or Adar coverslips a.~

pel' Ihe nconalal mouse a.~lmcyles. Medium change wa.~ efrccted every 2 days. Purily or

a.~tl'llcyles following replaling wa.~ over 90%. which wa.~ mainlained fol' al lea.~1 a monlh
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thereafter. Cells were uscd for the present experiments within 2 wceks following

replating.

Adult mousc astrocytes were l'rom 6 month old CD1 outbreds. The protocol is

desclihcd in detail in Chapter 2. In brief. 1-3 mm brain cubes were incubated with 0.25%

trypsin and ((Xl Ilglml DNAsc for 15 min at 37°C. The floating suspension was removed

and passed through a 130 mm nylon mesh. FBS was added to the filtrate to inactivate

trypsin. The undissociated tissues were collected l'rom the nylon mcsh and were

reincubaled with 0.125% trypsin and 100 uglml DNAsc for another 15 min at 37°C.

Once aguin. the dissociated cells were filtered through a 130 mm mesh, while the

soften.:d tissue fragments which remained were sieved via two consecutive passes

through nylon meshcs of 210 and 130 mm pore size. rcspectively. The cells were

subscquently cenuifuged in Percoll as pel' the adult human cells. collccted. washed. and

sccded onto PL-coated l1asks with the 5% FBS fceding medium describcd above. The

following day, ail cellular deblis were removed and the cultures refed. After 10 to 14

days in vitro, the cells were removed l'rom the flasks using 0.05% trypsin. and plated onto

PL-coated Aclar coverslips at 10' cells pel' coverslip. Thcsc were used for experiments

within 1 ta 2 wccks following retrypsinization. Purity of astrocytes during this period

ranged l'rom 88 10 96%. Longer term cultures had a substantial propOltion of

contaminating tibroblasts.

Assessmelll ofProliferation ofAstl'ocytes

Two different methods wcre employed based largely on the source of asu'ocytes

bcing analysed: OFAP-bromodeoxyuridine (BrdU, an analog of thymidine) double

immunol1uorescence protocol and ['Hl-thymidine incorporation. The OFAP-BrdU

technique which specifically visualizes proliferating' astrocytes was used for all the adult

human cultures since thcsc contained contaminating microglial cells; it was important to

exclude the resullS of possible microglial proliferation. Adult mouse astrocytes were also

cxamined using OFAP-BrdU immunol1l!0rescence despite the enrichment of astrocytes,

since hasai "HHhymidine incorpor.lted tended to bc low. The second method of
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['HI-thymidine incorporation into the S-phasc of proliferating cells was used fur the

majority of neonalal mouse and l'etai human asu'OCyte cultures since the purity of

asu'ocyles was in excess of 90%. and bccause basal ['HI-thymidine incorporation in

control cultures were of a suflicient magnitude 10 allow reliable detection of inhibilors or

promoters of proliferation. This was a much l'aster assay than GFAP-BrdU

immunol1uorescence since the latter had to bc visually examined and the pl'llporliun of

GFAP' cells (astrocytes) with BrdU incorporation tabulated.

The GFAP-BrdU procedure has becn deselibcd in detail elsewhere (Yung and

Kim. 1987; Yong et al.• 1988. 199Ia). Following staining. coverslips were mounted un

glass slidcs with Gelvatol; at Ihis point. the coverslips were coded to pelmit for hlind

analyses. Using a double immunol1uorescence microscope. the numbcr of GFAP' cells

was counted. Of thcse. the number and thus the percentage of astrocytes that have

incorporated BrdU was tabulated. Figure 1 depicts astrocytes immunolabclled for hoth

GFAP and BrdU.

To perfOlm ['HI-thymidine uptake and liquid scintillation counting. cells on

coverslips were incubated with 1 mCi ['HI-thymidine for 16 h. Each coverslip was then

linsed thoroughly with PBS and placed into a vial containing 5 ml of Cytoscint" ((CN

Chemical. Irvine. CA). The amount of radioactivity wa~ then quantilied using a

~-counter. We J'Outinely use this method of whole cell counting rather than isolating Ihe

DNA bccause we have detelmined that the amount of radioactivity trapped in non-DNA

compwtments after thorough washcs with PBS is of a negligible quantity (Couldwell et

al.. 1990).

In another set of expcriments. neonatal mouse astrocytes werc trcuted with test

factors (sec Rcsults) and then analysed simultaneously using GFAP-BrdU im­

munofluorcscence. ['HI-thymidine incorponltion. and counting of cell numbcrs. to allow

comparisons hetween thcse methods. For counting of cell numbers. astrocytes werc

secded at a density of 200.000 cells in 400 III feeding medium in 60 mm PL-cuated

dishcs. The next day. 3 ml of feeding medium and appropriate test factors were added.

Cells were left for 4 days at 37°C. and rcmoved l'rom their dishes with 0.25% trypsin (30
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min). The dishes were washed thoroughly with PBS 10 maximize ccli yield. Following

centrifugation at 1.200 rpm. 10 min. cclls were suspended in ISO III of PBS. A IS III

aliquOl was laken for ccII counting using a hacmocytometer 10 obtain values for lotal

numhcr of cells pel' sample.

Treatmellf ofCells with Test Fact(}/:~

Unless otherwisc describcd. ail cells were treated with test agenL~ for a lotal

period of 4 days. For adult human cultures. 10 mM BrdU was added during the last 48 h

hccausc of their very low basal rate of proliferation (see resuhs). For neonatal mousc or

l'cIal human cells. ID mM BrdU or 1 IlCi L'Hl-thymidine were administered during the

last 16 h hccausc of their higher rate of proliferation than adult human astrocytes (see Re­

sults); adult mousc astrocytes were treated with BrdU during the last 24 h of experimen!.

Thesc time frames were sclected based on preliminary experiments to optimize

conditions for identifying mitogens or inhibitors of astrocytic proliferation. Ali

experimenL~ werc conducted in fceding medium containing S% FBS unless indicated

othelwisc; the rate of proliferation of control cuhures in this S% FBS medium is

hencefOlth referrcd to as basal rate.

Test agents were recombinant human or mouse y-IFN (both l'rom Genzyme).

FûF (Bochringer-Mannheim). and 4~-phorbol-12.13-dibutyrate (PBD). a biologically

active phorbol ester. Unless otherwisc stated. for y-IFN. human cells were treated with lhe

recombinant human cytokine while mouse cclls were exposed to the murine reagen!.

Chromium Re/ease Assay

To assess whether recombinant mouse y-IFN eould he cytotoxie to neonatal

mouse a.~trocytes. cells werc seeded al a density of SO.OOO cellslwell in l1at-bollom

lJ6-well plates. Two days later. the cells were incubated with 1 IlCi/well of "Chromium

for 18 h. Cells werc gently washed twice with S% FBS-containing feeding medium and

allowed to stand for 30 min artel' which y-IFN (100 or SOO U1mllinal concentration) was

added for 6 or 18 h; longer incubation peliods were not possible becausc of the inherent
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loxicity of "Chromium (sec Resull~). Supcmatants (A) were then removed ,Uld counted in

a y-countcr for spontaneous relca.~ of "Chromium. Aliquol~ of 5 M NaOH werc then

added lo each weil for 20 min and supcmatanl~ (8) removed wld counled for rcmaining

radioactivily. The pcrcentage Iysis wa.~ calculated by dividing the cpm of supcmatuill A

by the totallabclling (A + 8). Positive contmls for cell Iysis were 30'if, ethanol in normal

fccding medium.

Results

Effects of l-IFN O/l Adult Hrtl1ulIl or Neo/lutal MOlise Astrocytes

In an eW'lier report that involved asu'ocytcs from four adult human serics. wc

showed that recombinant human y-IFN at 10. 100. and I.()(JO Ulml enhanccd the

proliferaûon of adult human astrocytcs (Yong et ul.. 199Ia). We have extcnded that study

and demonstratc bere that 100 U/ml ofy-IFN enhanced proliferaûon in ail of II differcnt

adult human cultures tcstcd; in eight of thesc. staûsûeal signilicance wa.~ attained (Table

1).

ln contrastto the human cells. application of llXl Ulmlof recombinant murine y­

IFN to neonatal mousc cultures resultcd in an average of 50% inhibition of

['HI-thymidine incorporaûon; this wa.~ evident in ail 12 different expclimenl~ involving

cight selies of mousc cultures (Fig. 2). The inhibitory effccts of y-IFN were

dosc-dependent (Fig. 3) and did not appear to he due 10 general cell cylOloxicity a.~

asscsscd using a "Chromium rclea.~ assay (Table 2). In a different set of expcrimenl~.

neonatai mouse cultures were treated with a single dose of llX} Ulml y-IFN for different

ûme periods ranging l'rom 6 10 96 h; ['HI-thymidine was added duling the Ia.~t 16 h for ail

ûme poinl~ except for the 6 h mark (6 h l'HI-thymidine pulse). This was 10 examine

whether there was an initial burst of proliferaûon which was not rellcclCd in the

subsequent 4 day harves!. Figure 4 shows that recombinant muline y-IFN did not at any

pcliod increasc the prolifenlûon of neonatal mousc astrocytcs.
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Correspondence in BrdU IneOlpora/ion. {'H/-Thymidine Uptake. and Cell Numbers

Since the neonatal mouse ustrocyte results were obtained by using l'Hl-thymidine

incorporation in contrustto the GFAP-BrdU immunol1uorescence for adult human cells.

it wus important to show that the two methods produce comparable results. Neonatal

mouse a~trocytes were incubated with agents known to affect their proliferation for a total

of 4 days. with 10 mM BrdU or 1 mCi ['Hl-thymidine added during the lust 16 h. These

agents included y-lFN (100 Ulml). FGF (20 nglml). or PDB (100 nM). By both methods

of a~sessing proliferation. PDB and FGF were mitogenic while y-lFN wus inhibitory.

Results of both ussays were viatual mirror images of one another (Fig. 5) and correlation

analysis of ['Hl-thymidine uptake with the BrdU data gave a correlation value of 0.99 (P

= IWO 1).

A third set of neonatal mouse ustrocytes wus exposed to the above treatrnents for

4 days. and counting of cell numbers then performed as dcsclibed in Methods. The

resultant changes in cell numbers in treatment groups compared to controis mirrored data

obtained using either the GFAP·BrdU or ['Hl-thymidine techniques (Fig. 5). lndeed.

correlation analyses of cell numbers with GFAP-BrdU or ['Hl-thymidine uptake results

gave in both cases a correlation value of 0.99 (P = 0.001). These experiments illustrate

that the differential response of adult human and neonatal monse astrocytes to y-lFN wus

not due to the techniques used to assess proliferation. Furthermore. the techniques of

GFAP-BrdU immunol1uorescence and ['Hl-thymidine incorporation to ussay for

ustrocytic proliferation are rel1ective of changes in actual cell numbers.

Basal Rate ofProliferation ofNeonatal Mouse and Adu/tHuman Astrocytes

We have compared the rate of BrdU incorporation of neonatal mouse and adult

human a~u'ocytes in 5% FBS-containing medium in an attempt to inve::tigate their

relative niilotic capabilily. Cells on coverslips. and plated similarly at 10.000

cellslcoverslip. were pulsed with 10 !-lM BrdU for dinerent periods ranging l'rom 2 to 96

h and subjccted 10 GFAP·BrdU immunohistochemistry. As shown in Figure 6. adult
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human astrocytes have a much lower rate of proliferation. Discemihle BrdU uptake

(0.2% of astrocytes) was delccted only after 24 h of BrdU incubation. and this increases

to 3% and 12% al'ter 48 and 96 h. respective1y. In contrast. a signilicant propOition of

neonala! mouse astrocytes had ineorporated BrdU by 2 h (15%); cOlTCsponding values for

24.48. and 96 h were 32%. 57%. and 61 %. respectively.

The proliferation rate of adult human astrocytes couId he enhanced if lhe conlent

of FBS in the medium was increascd. Thus. for a tola! BrdU treatrnent pcliod of 96 h. the

% of GFAP' ceUs which had incorporated BrdU in 15% FBS medium was 9.3 ± 1.9

(mean ± SEM); in 30% FBS. the value was 13.2 ± 1.8%.

Effects ofy-IFN Treatment on Proliferation of Ferai Hl/man and Adult MOl/se Astmeytes

The differential response of adult human and neonala! mouse astrocytes III y·IFN

could he duc to at least two factors: the age of the subjects l'rom which the ceUs were

delived (which is rel1ected in the vast difference in basal rate of BrdU incorporation a.~

shown in Fig. 6). or species differences. Thesc possibilities were addre.~d hy culturing

astrocytes l'rom fela! human or 6·month-old adult mouse brolins. and exposing the ceUs to

cytokines. Figure 7 demonstrates that a single application of recombinant human y-IFN

over 4 days increased the proliferation of fela! human astrocytes when used at ((Xl and

1.000 Ulml. The results rel1ected those for adult human astrocytes with the exception that

10 Ulml was not an effective dose for fela! human ceUs. Because of this discrepancy.

which could have bcen due to a l'aster rate of metabolism of y-IFN by fela! ceUs. a single

dose of y-IFN for 2 days. or a 4-day treatrnent period with two applications every second

day. were instituted. Under such conditions. y-IFN signilicantly promoted proliferation of

fela! human astrocytes l'rom 10 to 1.000 Ulml (Fig. 7). In light of the changes in

frequency and period of treatrnent for fela! human ceUs. neonala! mouse astrocytes were

similarly treated with recombinant muline y·IFN. Howevcr. inhibition of prolifcl"oltion

was observed under all paradigms (Fig. 7).

The basal rate of proliferation of fela! human astrocytes is high. and is equivalent

to that of neonala! mouse astrocytes (Fig. 6). Thus. despite comparable ha.~ rates of
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proliferation. neonata1 mousc astrocyte cultures were inhibited by y-IFN while leta1

human cells responded to this cytokine by an incrcasc in DNA synthesis.

Adult mousc astrocytes. as with their neonata1 counterpUlts. responded to

recombinant mutine y-IFN with a decreasc in the rate of proliferation (Table 3). With

regards to the basal rate of proliferation. different seties of mousc cultures tended to have

varying rates (sec Chapter 2); thesc cither approximated those of adult human astrocytes.

or were bctwccn those of adult human and neonata1 mouselfeta1 human astrocytes.

Howevcr. the inhibitory eftèct ofy-IFN on adult mouse astrocytes was evident in cultures

that had comparable low basal rate of proliferation (Expetiment 1 of Table 3) to adult

human asu'ocytes (sec Table 1). or in cultures with higher basal proliferative rate

(Expctiments 2 and 3 ofTable 3).

Effects ofMurine y-1FN on Human Cells and Vice Versa

The results prcsented thus far have utilized recombinant 1:!OUse y-IFN on mouse

cells. and human y-IFN on human astrocytes. To address the possibility that the

recombinant mutine reagent contain inhibitory factors other than y-IFN. feta1 human

astrocytes werc incubmed with 100 U/ml of mutine y-IFN for 4 days. Similar1y. neonata1

mousc cells were exposed ta recombinant human y-IFN at 100 Ulml. By ['Hl -thymidine

analyses. there was no change in proliferation of either human (101±5% of contrais. n of

II coverslips) or mouse (103 ± 8% of controls. n of 8) astrocytes under thesc

circumslances. The fallure of mutine y-IFN ta affect human cells. and vice versa. is in

accordance with reports that interaction of y-IFN with its receptor ta elicit a response

occurs in a species specilic manner (Hemmi et al.. 1989; Gray et al.• 1989).

Discussion
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A major consequence of injulies 10 the CNS is Ihe hypeltrophy and pmliferation

of astrocytes, As the gliolic process evolves. an end-resu1t can bc the fOl1nalion of a

densely interwoven glial sear composed of many different cell types. myelin dehlis.

collagen dense bundles in the extracellular space. and multiple layers of ahnol1nal hasal

lamina (reviewed in Reier. 1986), The fomation of glial sears has dassically been

considered undesirable and induded among the many postulated detlimenl~ are inhihition

ofaxonal growth or regeneration (reviewed in Reier. 1986). the genesis of a site of

elceuical instability and epilepsy (Pollen and Trachtenbcrg, 1970; Brotehi, 1979). and

interference with remyelination (Raine and Bomstein. 1970.),

More rceent evidence. however. suggeslS that the process of astrocyte reactivity

may actually he an attempt by these cells to promote CNS rccovery and regeneration.

This concept has evolved l'rom studies indicating that nOl1TIaI astrocytes have

neurotrophic properties (reviewed in Manthorpe et al., 1986), that reactive astrocytes

around the locus of a lesion may he the source of neurotrophic factors (Nieto-Sampedm

et al.. 1983, 1987; Whittemore et al.. 1985; Needels et al.. 1986), and that early postnatal

astrocytes emhedded on nitrocellulose lilters can provide a tel1'ain suitable for axons to

traverse the cerebral midline ta refom a corpus callosum in previously acallosal perinatal

or adult animals (Silver and Ogawa, 1983; Smith et al., 1986), More rccently, David et

al. (1990) demonsu:ated that the reactive astrocyte-containing proximal portion of a

transccted adult ntt optic nerve could support axonal growth of chick dorsal root ganglion

neurons; ganglia placed distal ta the lesion site, where no gliosis was evident, showed no

such growth but this could he altered if the distal optic nerve was trcated with mac­

rophages l'rom the lesioned CNS.

Ta attempt ta resolve the neurotrophic or inhibitory potential of reactive

astrocytes, one means would he ta identify and regulate mediators of the proliferation of

astrocytes. To this end, using cultured astrocytes as targets, sever.tl mitogens for

astrocytes induding cytokine and non-cytokine growth factors have becn described.

Largely. these studies utilized astrocytes l'rom perinatal animals. At issue is whether the

petinatal astrocytes serve as good model systems ta underslanding the evolution and
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properties of the reactive astrocyte in the adult CNS. since gliosis occurs to a lesser extent

in injuries inllicted during embryonic or neonatal lile (Sumi and Hager. 1968; Bignami

and Dahl. 1976; Berry etai.. 1983; Barret! etai.. 1984).

Using adult human astrocytes as targets. we have shown that y-IFN is a mitogen

(Yong et al.. 1991a). We have recontirmed this observation (Table 1) and further show

that in contrast. neonatal mouse astrocytes responded to y-IFN by a reduction in the rate

of prolileration (Figs. 2-4). This differential proliferative response is not due to the age of

the brains l'rom which the asu'ocytes were derived. or to the disparate basal rate of

prolileration. since letal human astrocytes with similar characteaistics (age and basal rate

of proliferation) to neonatal mouse cells responded to y·IFN by an increase in

proliferation. Furthermore. the different means of assessing proliferation did not affect the

outeome of the results since GFAP·BrdU immunofluorescence. ['Hl-thymidine

incorporation or cell number counting ail gave comparable data (Fig.5). Species

difterences likely is the main factor accounting for the differential response of human and

mouse astrocytes to y-IFN since adult mouse astrocytes responded in a similar marmer to

their neonatal counterparts (Table 3).

ln reviewing the literature. we note that there have becn reports of y-IFN not

afl"ecting the rate of proliferation of astrocytes; however. these utilized human cytokine

on calf bovine (Selmaj et al.• 1990) or neonatal rate (Benveniste et al.• 1989). As the

results here suggest, the response of cells to recombinant y-IFN occurs in a species

specilic manner. This has recently becn conlirmed by the observation that recombinant

murine y-IFN decreased the proliferation of neonatal mouse astrocytes (Johns et al..

1992).

We have previously shown thal application of murine y-IFN into the adult mouse

brain at injury increases the extent of GFAP-immunoreaetive astrocytes (Yong et al.•

1991a). While the latter may appear at tirst glanœ to be at odds with the current adult

mouse prolilel".ltion data here. the results emphasi~ the need for carefully distinguishing

hctwecn an increase in GFAP immunoreactivity and prolifel".ltion in vivo. Clearly. an
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increase in the number of GFAP-positive astrocytes (which may he due to cxposurc of

previously hidden antigenic epitopes as a result of astrocylc hypenrophy) docs not

nccCSSUJily implicate astrocyte proliferation. [ndeed. in the facial ncrve rcscction modcl.

where GFAP immunoreactive astrocytes appear. no proliferation of astrocylCs hlL~ hecn

documented (Gmeber et al.. 1988). Furthermore. others have found thal in thc animal

diseuse experimental allergie encephalomyelitis. inereuses in GFAP immunol'cactivity did

not eorrelalC with a1temtions in GFAP content (Smith and Eng. 1987: Aquino et 11/..

1988). Taken together. these and the current resu1ts suggcst that the many prumincnt

changes of a reactive astrocyte (increuses in GFAP immunoreactivity wld conlcnl.

hypenrophy. and cellular proliferation) are not nccessarily correlated. [ndccd. the

molccular mediators for eaeh of these may be differenl. [t is also possible thatthe sarne

factor that increascs the extent of GFAP immunoreactivity in the brain following an

injury may concomitantly inhibit astrocytie proliferation. [n conclusion. the responsc of

astrocytes to y-[FN oceurs in a species specifie manner. While mis cytokine increlL<;Cs lhe

proliferation of human astrocytes. it dccreascs mat of mouse lL~U·(lCYlCS. The age of lhe

animals. and me corresponding basal rate of proliferation. were not dClCrmining faclOrs.

Studies aimed at defining the molccular mediators of astrocytic proliferation or gliosis

will have to take into aceount the possible role of species differenccs.
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Figure Legends

Figure 1. GFAP·BrdV doubk immunofluorescence of adult (A,B) and fetal

(C,D) Iluman astrocytes. GFAP is shown in A and C while lhe corresponding BrdU

labclling is fealurcd in B and D. Astrocytes with BrdU incorporation are indicated by

arrows in A and C. x 1.200. The morphology of neonatal and adull mouse astrocytes is

similw' 10 lhal shown for l'etai human cells; adull human astrocytes (A) tend 10 he more

Iibrous in morphology.

Figure 2. Recombinant mouse y-lFN decreases tlle proliferation rate ofneonatal

II/ouse astrocytes in 12 different experiments involving eigllt series of II/ouse cultures.

Treatrnenl period was for 4 days with 1 IlCi ['Hl-thymidine added during the last 16 h.

Each poinl is the mean ± SEM of four coverslips of cells. Sludent's t test was used 10

analyze statistical significance l'rom untreated sister culture controls: *p < 0.05. **p <

0.01, and ***p < 0.001.

Figure 3. Recombinant II/ouse y-IFN decreases tlle proliferation of neonatal

II/ouse astrocytes. Data l'rom one representative experiment are shown. and each bar is

the mean ±SEM of four coverslips. except for 500 Ulml where n was 7. *p < 0.05. using

one-way ANOYA with Duncan's multiple comparisons.

Figure 4. 7ïme course response of proliferation of neonatal II/ouse astrocytes ta

100 V/ml ofy-IFN. Samples were harvested for liquid scintillation counting atthe time

points indicated. No initial burst in proliferation Wa5 observed. Results l'rom one

rcpresentative experiment are shown as mean ± SEM of four coverslips. *Signilicantly

differcnt l'rom controls. P < 0.05 (one-way ANOYA with Duncan's multiple

comparisons).
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Figure 5. Results of proliferation of neonatal mouse astrocytes using either

l'Hl-thymidine incorporatûm GFAP-BrdU double immunofluorescellce or countillg of

cell numbers show good correspolldence. Values arc mean ± SEM. with Ilumbct' of

samples shown in parcnthcscs. AlltreaLCd groups are statistically signilicant l'rom cOnlrols

(ANOVA. P < 0.05). Correlation analyses of results l'rom ail methods givc l' valucs of

0.99. with P = 0.00 1.

Figure 6. Neollatal mouse and fetal human astrocytes have comparoble basal

rates of proliferation which are much higher than that for adult humall astrocytes.

Values are mean ± SEM of four coverslips pel' culture. l'rom one repl'cscntative

expetimem. Ali results were obtained l'rom coded specimens.

Figure 7. 'f-IFN increases the proliferation offetal human astrocytes while decreasillg

that of IIeonatal mouse astrocytes. This was evident whether a 2- or 4-day trcaunCnl

petiod was used. or when y-IFN was applied twice over a 4-day peliod. Values ± SEM uf

['Hl·thymidine uptake are expresscd as % of controls. with the numbcr of samplcs for

l'etai human cells indicaLCd in parenthcscs. For neonalal mouse asU·OCyles. cight coverslips

were used pel' data poinL Results are pooled l'rom seven expeliments.•p < 0.05 using

one·way ANOVA with Duncan's multiple comparisons.
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Table 1. Effects of 100 Ulml recombinant human gamma-interferon on
different adult human astrocyte cultures·

•

Culture Age ofDonor % GFAP-BrdU double positive cells
, Series (years) Controls Gamma-Interferon

W16 17 5.7 ± 1.1(6) 15.4 ± 5.7 (3)*
W32 49 2.8 ± 1.1 (6) 28.9 ± 7.6 (3)**
W57 36 0.7 ± 0.5 (4) 4.6 ± 0.9 (4)**
W66 27 1.1 ± 0.4 (6) 3.9 ± 1.5 (6)
W92 20 3.6 ± 0.8 (4) 9.9 ± 1.5 (4)**
W93 21 1.7 ± 0.7 (4) 3.3 ± 1.4 (4)
W94 26 4.4 ± 1.5 (4) 6.3 ± 0.6 (4)
W98 27 13.1± 0.9 (4) 39.3 ± 6.1 (4)***
W137 35 0.0 ± 0.0 (4) 11.6 ± 2.4 (4)***
W160 30 0.0 ± 0.0 (4) 11.7 ± 3.1 (4)**
W178 32 0.5 ± 0.3 (4) 9.7 ± 2.8 (4)**

• Values of the % ofproliferatingastrocytes are given as mean ±SEM, with thenumber of
coverslips tested shown in parentheses. On each coverslip, an average of 127 ±5 GFAP+
astrocytes were counted. Cultures were treated over a 4-day period. Significantly difFerent
from respective controls using Studenfs t test: *p < 0.05, **p < O.Oi, ***p < 0.001.
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.
Table 2. Gamma-interferon is not cytotoxic to neonatal mouse
astrocytes: SI Chromium release assays after 6 and 18 h treatments

Agent
51Chromium release (average % Iysis)
;6h 18 11

Normal Feeding Medium
Positive Controls (30% EtOH)
Gamma-Ïnterferon 100 Ulm!
Gamma-Ïnterferon 500 Ulm!

19.6 ± 0.5 (24)
83.1 ± 0.8 (11)*
18.7 ± lA (10)
22.6 ± l.l (7)

37.7 17 1.3 (24)
8404 ± 1.0(12)*
40.3 ± 2.3 (8)
40.0 ± 2.0 (8)

•

• Values are mean ±SEM, with the number of samples shawn in parentheses. '1 Chromium
itself can lyse cens as determined by tell increase in normal control values ovcr tirnc.
*Significantly different from normal feeding medium contrais, P < 0.05 (one-way ANOVA
ith Duncan's multiple comparisons).

•
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Table 3. Response of adult mouse astrocytes to gamma-interferon"

% GFAP-BrdU double
positive cells

Cytokine Experiment
Number

Control Cytokine % ofControl

•

y-IFN 1 8.2 ± 2.2 (5) 1.8 ± 0.9 (5)* 22.0
lOU/mi 2 29.2 ± 4.0 (5) 18.9 ± 5.5 (3) 64.7

y-IFN 1 8.2 ± 2.2 (5) 3.7± 1.7(4) 45.1
100 Uiml 2 29.2 ± 4.0 (5) 9.6 ± 1.9 (4)* 32.9

3 26.6 ± 0.6 (4) 13.8 ± 2.2 (4)* 51.9

y-IFN 2 29.2 ± 4.0 (5) 9.6 ± 0.9 (4)* 32.9
1000 Ulm! 3 26.6 ± 0.6 (4) 11.0± 2.9(4)* 41.4

'Values are mean ±SEM with the nwnber of coverslips shown in parentheses. On each
coverslip, an average of 165 ±4 GFAP+ ceUs were counted. Results are trom three
experiments (Experiments 1 to 3) where ceUs were treated for 4 days with cytokines. In
experiment 2, four ether coverslips were incubated with 100 U/ml ofy-IFN for 2 days; the
decrease in proliferation was apparent by this point (15.0 ±2.7% of double positive ceIIs, P
< 0.05 mm controls, representing a 48 % reduction). AU results were analysed by one-way
movAwith Duncan's multiple comparisons because of multiple treatment paradigms for
each experiment *p < 0.05.

•
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Chapter4

The Astrocyte Mitogen, Tumor Necrosis Factor-a. , Inhibits the

Proliferative Effect of More Potent Adult Human Astrocyte

Mitogens, y-Interferon and Activated T-Lymphocyte Supernatants

Trevor Tejada·Bergés and Voon Wee Yong

(Brain Research 653: 297·304. 1994)

Abstract

lbe proliferative response of adult human astrocytes to tumor necrosis

fa<:'.or-a (TNF-a) was examined. Applied alone, TNF·a was dependent on the

content of serum in the feeding medium, being mitogenic only in conditions of over

15% serum in medium. In accordance with previous results, supernatants from

activated human CDS' T-Iymphocytes (CDS SN) and recombinant human

interferon.y (IFN·y) enhanced proliferation of adult human astrocytes in 5%

serum·containing medium. Simultaneous administration ofTNF·a (10-1000 units),

however, abrogated the mitogenic efTects of either CDS SN or IFN-y ; the inhibitory

efTect of TNF·a was lost if applied 2 days following IFN·y treatment. These studies

show that while TNF·a is an astrocyte mitogen under selected conditions, it inhibits

proliferation induced by other mitogens. In this manner, TNF·a may be important

in regulating the proliferative response of astrocytes during reactive astrogliosis in

vivo•
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Introduction

Following trauma Lü the central nelvous system (CNS). proliferation of astrocyles

oceurs as part of a process tenned reaetive astrogliosis (Cavanagh. 1970; Janeczko. IlJIŒ:

Latov et af.• 1979; Miyake et af.• 1988: Topp et af.• 1989). The extelll 10 which astl'llcyle

hyperpla~ia contributes ta the overall astroglial reaetivity post-injury remains

controversial (Graeber et al. 1988; Matsumoto et af.. 1992; Morshead and van der Kooy.

1990) and under study. Furthermore. the precise moleculal' signais which initiale and/or

regulate the astrocytic response in vivo arc not completely understood. A numhcr of

soluble molecules are reported mitogens for astrocytes in vitro. Thesc include lihrohlast

growth factor. epidermal growth factor. glial growth factor l'rom the bovine pituitary.

platelet-dedved growth factor. insulin-like growth faetor-I. a~ weil a~ hiologically active

phorbol esters (reviewed in Yong et al.. 1989).

Intlarnmatory mononuclear cells such as lymphocytes. hlood-dedved

macrophages and intrinsie brain microglia are featured in many pathologie conditions of

the brain. such as inllarnmatory b....un diseuses (Cuzner et af.• 1988; Pen')' et al.• 1993;

Smith and Eng. 1987: Traugott et al.• 1983) and trauma resulting l'mm stab wounds 10 the

CNS (Giulian etaf.• 1989; Sethna and Larnpson. 1991; Tsuchihashi etai.. 19l1l). Thesc

intlarnmatory ceUs release cytokines and likely account for the measurcd incrclL~ in

levels of interleukin (IL)-I. IL-2. IL-6 and TNF-a following brain trauma (Nieto­

Sarnpedl'O and Berman. 1987; Nieto-Sarnpedro and Chandy. 1987; Taupin et al.• 1993;

Woodroofe et al.. 1991). The cytokines secreted by the inflltrating and/or rcsident

intlammatory ceUs may mediate features of astrogliosis. This notion is supported by

studies where the adminisu'ation of interlcukin (IL)-I (Giulian and Lachman. 1985;

Giulian et af.• 1988) and IL-2 (Watts et al.• 1989) into the adult rodent brain increa~s

the extent of GFAP immunorcaetivity. a convenient marker of a~troglial rcactivity.

Inu'aocular injections of IFN-y. TNF-a and IL·I evoke astrogliosis in rabbil~ (Brosnan et

al.. 1989). In a rceenl sludy. we demonstrated that a single application of 20 unil~ of

cytokines (IFN-y. IL-I. IL-6. TNF-a and M-CSF) into a cortical stab wound in neonatal
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mice. which normally do not exhibit astrogliosis in contrast to similar injury in adults.

convencd minimal astroglial reactivity to extensive astrogliosis (Balasingam et al.•

1994).

III vitro. in kceping with the hypothcsis that cytokines may regulate features of

astrocyte reactivity. supematants derived l'rom activated T- or B-Iymphocytes induced

proliferation of cultured neonatal rodent astrocytes (Benveniste et al.• 1989; Fontana et

lIl.• 1980; Menill et lIl.• 1984). We have previously reponcd that supematants l'rom

activated human T-Iymphocytes (CD8 SN) are potent mitogens for adul t• human

asu'ocytes as asscssed by incorporation of bromodeoxyuridine (BrdU; Yong et al.. 1991).

Purilied cytokines such as IL-I (Giulian and Lachman. 1985; Hunter et al.. 1993; Oh et

al.. 1993). 1L-6 (Selmaj et al.. 1990) and TNF-a (Oh et a/.. 1993; Selmaj et al.. 1990)

can enhance the proliferation of neonatal rodent or calf bovine astrocytes; TNF-a has

becn shown to promote proliferation of adult human astrocyte (Barna et al.. 1990).

Finally. our laboratory has reported that recombinant human IFN-y and IL-l are

mitogenic for adult human astrocytes in yitro (Yong et a/.• 1991; Yong et a/.• 1992).

While the use of pulilied cytokines on astrocytes in isolation has delined the

capability of certain cytokines to mediate changes to the astrocyte. the brain is likely to

encounter a multitude of cytokines during inflammation or u'auma to the CNS.

Potentially. these cytokines can act in a cooperative or antagonistic manner. Thus.

studies where cytokines are applied in combination may more ciosely approximalC the

situation encountered in yiyo. ln this regard. TNF-a and IFN-y are known to synergize

in a variety of systems including the Iysis of tumor ceUs (Williarnson et al.. 1983) and

expression of Class Il major histocompatibility complex (MHC) antiger'. on rodent

astrocytes (Benveniste et a/.• 1989; Vidovic et a/.• 1990). Sugarman et al. (1985)

reponcd that. depending on the ccli line tested. concomitant treaunent with TNF-a and

IFN-y could eithe.. inhibit. enhance or minimally alter their growth.

ln the present manuscripl, we have examilled the response of adult human

astrocytes to TNF-a added either in isolation. or in combination with other cytokines.
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We report that while l'NF-a was a mitogen for adult human astrocytes under selected

conditions. it inhibited the proliferative elTecl~ of more potenL astrocytc mitogens.

namely CD8 SN and IFN-y. IL-I did nol display this anlagonislic clTect of l'NF-a. A~

microglia (Frei et al., 1988) and astrocytes (Robbins et al.• 1987; Licbcrman <,t al.. 1989;

Chung and Benveniste, (990) are both capable of sccreting l'NF-ex. and astrocytcs

express high-artinity TNF-a receptors (Benveniste et al., 1989). l'NF-a may Hct in both H

para- and autocrine fashion to modulate the proliferative response of astrocytes. As slich.

these lindings may he of relevance to the proliferative response of astrocylCs cvidcnccd

ill vivo.

Materia1s and Methods

Reagellls

Recombinant human (rh) IFN-y was l'rom Bochringer Mannheim (Mannhl,jm)

while rhl'NF-a and rhIL-1ex.~ were purchascd l'rom Genzyme (Boslon, MA).

Supcmatants collected l'rom CDS' human l'-lymphocytes of over 95% purit)' (CDS SN)

and activated with an OKl'3 antibody and IL-2 were oblained as dcscribcd previously

(Yong et al.. 1991). Bromodeoxyuridine (BrdU) was l'rom Sigma (St. Louis. MO). The

culture medium components (Eagle's minimum esscntial medium. l'etai bovine serum.

dextrose and gentamicin) were ail l'rom Gibco (Grand Island. NY). A rabbit po1yclonal

antibody to glial librillary acidic protein (GFAP) was oblained l'rom Daim Corporation

(Westchester. PA). while a mouse monoclonal antibody to BrdU was bought l'rom

BeclOn-Dickinson (San José. CA). The sccondary antibodies used were aftinity-purilied

goat anti-rabbitlg conjugated to Iluorescein-isothiocyanate (Fll'C) and goat anti-mouse

Ig conjugated to rhodamine (Rh). both of which were purchascd l'rom Cappcll

(Lexington. MA).

Pri/lllllY glial cell cultures
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Human aSlrocytes were isolated l'rom the brain biopsy specimens of 8 patients

(average age: 30 years, ranging l'rom 24 to 35 years) undergoing sUl'gery for the treatrnent

of intracmble epi!epsy. None of the patients demonslrated signs of progressive

neurologic, neoplastic or systemie diseuses. Cell dissociation was by a protocol descIibed

in demi! c1scwhere (Yong and Antel, 1992). BIiefly, the tissue was incubated with

1J.25% trypsin (Gibco) and 20 Ilg/ml DNAsc (BoeIinger Mannheim) for approximately

one hour Olt 37°C. The dissociated ceUs were sieved through a nylon mesh of 132 mm

pore size which servl."d to retain undissociated tissue fragments. The undissociated tissue

WOlS gently fon:ed through the mesh. The filtr.lte was centIifuged in a 30% Percoll

(Phmmacia, LKB Biotcchnology Uppsala) gradient Olt 15,000 rpm for 30 minutes. The

viable cell layer was collected, washed, resuspended in l'eeding medium and seeded onto

uncoated Falcon tissue culture flasks (25 cm') Olt a density of 2 million/ml. Ali

non-adherent cells (Iargely oligodendrocytes) were removed the following day for other

studies. The remaining adherent cells, consisting pIimarily of astrocytes and microglia,

were a1lowed to develop morphologically for approximately 1 to 2 weeks. During this

pcriod, the less-adherent astrocytes tended to stratify themselves on top of the more

adherent microglial cells and could be shaken off (160 rpm, 5 hours Olt roOITI

tempcrature) and seeded onto 9 mm poly-I-Iysine-coated (10 Ilg/ml) Aclar coverslips Olt a

density of 10' cellslcoverslip. Purity of adult human astrocytes (GFAP-positive cells)

WOlS 70%, and microglial ceUs (Leu-M5 immunoreactivity) were the major

contaminating ceU type which could not be eliminated completely (Yong and Antel,

1992). Contaminating fibroblasts only appeared in large numbers a1'ter approximately

one month ill vitro.

Unlcss otherwise specified, the feeding medium consists of Eagle's minimum

essential medium supplemented with 5% l'etai bovine serum (FBS), 1 mg/ml dextrose

and 20 Ilg/ml gentamicin.

Asst'ss/IIt'/It ofastrocytic proliferation
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The numbcr of astrocytes in the S-phl'sc of the ccII cycle wa.~ visualized using a

GFAP-BrdU double immunol1uorescence tcchnique. which allowcd prc.:isc identilieatiun

uf proliferating a.~trocytes. The cells were pulscd for 48 hours with 10 mM BrdU

(Sigma). a thymidine analog incorporated during the S-ph,L~ of mitusis. The

GFAP-BrdU double immunol1uorescence technique is describcd in delail elscwhcre

(Yong and Kim. 1987). Briel1y. cells were lixed in 70% ethanol al -20"C lilr 30

minutes. The cells were rehydrated with phosphate-buffered saline (PBS). lmd incuhUled

with a polyclonal rabbil antibody 10 GFAP (1: 100) for 45 minutes. The sccondary

untibody was a goal anti-rabbil 19 conjugated 10 RTC (1: I(Xl; Cappell). and was added

for 45 minutes. To denalure the cellular DNA and allow Ihe anlihody access 10 uny

BrdU which may have becn incorporated. Ihe cells were trealed with 2N HCl fur 10

minutes followed by sodium borate (pH 9.0) for another 10 minules. The BrdU wa.~

visualized by a monoclonal mouse antibody 10 BrdU (1: 10) and a Rh-conjugated goal

anti-mouse Ig (1: 150. Cappel) secondury antibody. Coverslips were muunled on gla.,,~

slides with Gelvulol and coded 10 allow for blind analysis. IJsing a Lcitz l1uorescence

microscope cquipped with FITC and Rh optics. the numbcr of GFAP-BrdU

double-positive cells as a percentage of all GFAP-positive astrocyles wa.~ a."~s.~d.

Figure 1 illusu'ates the results of this double-immunol1uorescence technique. We have

documented that the results obtained with this GFAP-BrdU double immunot1uorcscence

technique correspond weil with changes in actual ccII numbcrs (Yong et al.. 1992).

Treatmenr ofcells wilh reagenrs

Preliminury experiments had indicated that a 4-day incubation period with lest

factors. with BrdU applied during the last 2 days. was optimalto observe a proliferative

response of adult human astrocytes in 5% FBS medium; this regirnen likely rel1ccL~ the

low basal rate of proliferation of adult human astrocytes in culture. The pcriod of BrdU

pulse couId bc considerably shonened (e.g. 2 or 16 hours) had the mitotically active l'etai

humun or neonatal mouse astrocytes becn utilized (Yong et al.. 1992). Thus. all adull

humun cultures were treated with a single application of the leSt factors for a pcriod of 4
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days, and 10 mM BrdU was added lo lhe medium during lhe last -Ill hours. CDlI SN W'L~

applied at a ratio of 1: 1 wilh 5% FBS·con'aining medium.

Stmistical lIl/lIlysis

Trealed and untreated responses were analyzed using a one·way ANGYA with

Duncall's multiple compaIisons of ail groups since ail expcrimenL~ involved IllIl11CI'llUS

groups (sec Fig. 2 to 5). Differences were considered signilicalll if p < O.OS.

Results

The proliferaril'e response ofastrocytes ta TNF·a. is dependent on the content ofsel'lllll in

the feeding meditlm

Initial experiments in S% FBS-conlaining medium showed tha\ [(Xl Ulm1 of

TNF-a. did not enhanee proliferation of adull human astrocylcs. Subsequent examination

revealed that this was dependent on the serum content in the culture medium. Figure 2

il!ustrates that increasing the serum content in the fecding medium raised Ole l'ale of

BrdU incorporation in control cultures. Addition of 100 Ulml TNF-a. potenliated this

response in sister cultures. While the increase in proliferation of adult human astrocytes

induced by TNF-a. did not atlain statistical significance in conditions of () 10 5% FBS

when compared to their corresponding controls, it was statistically signilicant when ccIls

were grown in 15 and 30% FBS-eonlaining medium.

Effect ofTNF·a. on adult human astrocytes in the presence ofCD8 SN or lFN-y

In eontrast to TNF-cx. the more potent mitogens CD8 SN and IFN-y cuuld

enhance proliferation of adult human astrocytes in 5% FBS-conlaining medium (Fig. 3

and 4), in aceordance with our previous observations (Yong et al., 1991). In

con'Cspundence with previous lindings (Yong et al.. 1991; Yong et al., 1992), the basal

rate of proliferation of adult human astrocytes tended to he very luw and this is indicated

by the Jcss than 2% of control astrocytes with BrdU incorporation.
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Co-incul1ation of TNF-a (al 10. llXJ or 1000 Ulml) with CDS SN in 5%

FBS-containing medium dccreased the proliferative effcct of CDS SN on astrocytes in 4

out or 5 adult human glial cultures (Fig. 3). In the fil'th preparation (Series W90). 5S%

or astrocytes incorporated BrdU in response to CD8 SN. In this series. TNF-a (10. 100

and llXXI U/ml) was incapable of exerting iLS inhibitory effecl.

Similarly. simullaneous treatment of astrocyte cultures with 100 Ulml of both

IFN-y and TNP-a in 5% FBS-containing medium resulted in an inhibition of the

IFN-y-induced proliferative response (Figure 4). The IFN-y -induced proliferation was

further utilized fol' kinetic analyses to determine when the inhibitory action of TNF-a

cmud manifesl. As noled in Figure 5. TNP-a inhibited the mitogenic effect of IFN-y if

added atthe sarne time or at 1day following IFN-yapplication. However. if TNF-a was

adminislercd at 2 or 3 days following IFN-y. the proliferative response of aduit human

astrocytes to IFN-y was not antagonized by TNF-a (Fig. 5).

Elfect of1L-I ex.~ on adult human astrocytes in the presence of1FN-y

ln order to test the relative specilicity of action of TNF-a • IFN-y was added in

conjunetion with another reported mitogen of cultured adult human astrocytes. IL-I (61).

Co-incubation of astrocytes with 1()() Ulml each of IFN-y and IL-I in 5%

FBS-containing medium resulted in no statistically significant inhibition of the

IFN-y-induced mitogenic activity. although an inhibitory trend was evident (Fig. 4).

Discussion

Proliferation of astrocytes during reactive astrogliosis is one of the pararneters by

which this characteristic glial rcsponse to CNS trauma has becn described (Cavanagh.

1970; Latov·et al.. 1979; Janeczko. 1988; Miyake et al•• 1988; Topp et al.. 1989). If

the astroglial rcsponse continues unabated. a dense glial sear composed of many different

celltypcs. myelin debris. collagen bundles in the extracellular space and multiple layers
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of abnonnal basal ganglia may fonn (for review sec Rcier. \<)86). A.~lrogliosis has

lraditionally becn considcrcd deuimental 10 CNS rcgencralion (Rainc and BOl1lstcin.

1<)70; Reier. \986) and as a possible source of c1ccuieal instahilily \eading 10

epileplifOlm aclivily (Brolchi. \979; Pollen and Traehlcnhcrg. 1(70). Mmc rcecnl\y.

however. reaclive aslrOCYlCS have- becn rep0l'lCd 10 havc neurou'ophie funclions. and lhat

thesc cells may he rcsponding 10 injury in an allCmpl 10 promole CNS rccovcry (Silvcr

and Ogawa. 1983; Kcsslak et al.. 1986; Nccdcls et al.. 1986; Smilh et al.. \986; Ip et al..

1993; Yong. in press). Clearly. delcnnining the signais which rcgulale aSll'llgliosis is of

impOl1anCe 10 underslanding lhe evolulion and funclional consc411cnce of reaclive

aslrogliosis.

As part of our ongoing rcscarch inlo asscssing the l'Ole of cylokines as medialors

of aslrogliosis. we examined the responsc of mixed populations of cullured adull hllman

glial cells 10 TNP-a in eombination with other milogens. spccilically CD8 SN and IFN-y.

Our results of TNF-a being a milogen for adull human aslrOCYlCS is in partial agreemcnl

with other reports of TNP-a promoting the proliferation of bovine. rodent and human

aslrocytes (Barna et al.• 1990; Selmaj et al.• 1990; Oh et al.• 1993) in lhat in our IllUlds.

lhe milogenie effccl of TNf-a is serum-eoncenlration-depcndenl (Fig. 2). In 5%

FBS-containing medium. a cullure condition in which TNP-a was nol milogenic. TNF­

a abrogated the proliferative rcsponse of CDS SN and IFN-y (Fig. 3 and 4). The

inhibitory effcct ofTNf-a was time depcndenl in thal eflicacy was 10Sl if adminislcred 2

days following IFN-y (Fig. 5). Prcsumably. by this ·pcriod. aslrocytes had already hcen

committed by IFN-y to enter the S-phase of the ccII cycle. Paltial spccilicily of Ihe

inhibitory effcct of TNf-a is supported by the rcsults that IL-I could nol inhibil the

prolifemtive effcct of IFN-y. We are unable to spccify whal faclor within the CD8 SN

the TNF-a reaeted with. Our labomtory has previously rep0l'lCd thal a neulralising

antibody 10 IFN-y mitigated the prolifemtion evoked by CDS SN (Yong et al.. 1991). and

il is possible that TNF-a reacted with IFN-y containcd within the lymphocyte

supcmalant.



•

•

81

The paradigm suppOl1Cd by our data, that is, one milogenic cytokine modulating

the cellular responsc 10 anOlhcr stimulalOr of DNA synlhesis. is analogous to the resulls

ohtained upon treatlnent of aSlrocylCs with epidermal growth factor (EGF) and lihroblast

growlh factor (FGF). While EGF was a slronger milOgen for neonatal rodent astro,'YlCS

than FGF, FGF pretrcatrnenl of cells inhibilCd the ability of EGF to stimula ~ DNA

synthesis (HuiT and Schreier, 1990). InlCrestingly, concomitanttreatrnent of the neonatal

rodent astrocylCs with both factors failed to inhibit the ralC of proliferation (HuiT and

Schreier, 1990).

The mcchanism by which TNF-a inhibits astrocylC cell division remains unclear,

although it is cvidenl thatthis cytokine can promolC the proliferation of some celltypcs

{astrocytcs as cilCd above, an astrocytoma line (Lachman et al., 1987), and libroblasts

(Vilcek et al., 1986)} while mediating eytostatie or eytotoxic responses on others {some

tumor cclllines (Williamson et al., 1983; Sugarman et al.. 1985)}. The total number of

TNF-a rcccptors have becn reported to increase upon treatrnent with IFN-y (Aggarwal et

al., 1985; Benveniste et al., 1989), and il is eonceivable that the number of TNF-a

rcceptors on adult human astrocytes in the co-presence of TNF-a and IFN-y increased.

Thus, one would have expected a potentiation rather than a dccrease in astrocytic

proliferation. While puzziing initially, our observations correspond with a repOlt by

Aggarwal et al. (1986) that while exposure of a human cervical carcinoma cell line to

concanavalin A caused a 2-fold increase in receptors for TNF·a, these cells were

prolccted by the Icctin l'rom the synergistic cytoloxic effccts of TNF-a and IFN-y.

Sugarman et al. (1985) established thalthe diverse proliferative responses of three cell

lines they sludied in rcsponse 10 TNF-a did nol retlccl variations of number of binding

sites. Il appears thal while the increased biologie consequences of TNF-a may be

cxplained in part by an augmentation in TNF·a receplor expression, such a phenomenon

is not suflicient 10 resolve l'ully the effccts ofTNF-a on responsive ceUs.

It should be noted thal the purily of adull human astrocytes used in the presenl

sludy is 70% al besl, with microglia ceUs comprising the rcs!. Previous allempts 10
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rurther enrich for astrocyles hy antibody-depcndenl complement-medialed Iysis of

microglia. or the use of leucine methyl ester. had failcd to eliminate lhe resislanl

microglia cclls (Yong and Antel. 1992). Thus. it is conL'Civable thm the effecL~ of TNF-a

may he indircct. i.e. by microglial mediation. Although our previolls study had indicmed

thatthe proliferative response of adult human astrocytes to IFN-y was not depcndelll on

the microglial content in culture (Yong el al.• 1991). this may not he the case fol' TNF-a.

Nonetheless. when and if the opportunity presenL~ iL~lf. it would he preferahle 10 IISC

both astrocyte-purilied and mixed glial (asu'OCytes with microglia) cultures for analyscs

of the TNF-a response.

Cooperation or anlagonism betwccn cytokines has heen demonstrated in a

number of studies. lFN-y and TNF-a synergi7.cd to maximize expression of Class Il

MHC molccules on neonalal rodent (Benveniste el al.. 1989) and human astrocyles

(Arcnzana-Seisdedos et al.. 1988). as weil as on human is1et cells (Pujol-BOITellt'l al.•

1987); transrorming growth faclOr-~s prevented the induction by TNF-a and IFN-yof

Class Il MHC antigen expression on astrocytes (Schlucscner. 199{)). Synergy hetwccn

cytokines has also bcen reponed to enhance Iysis of tumor cells (Williamson et al.. 1983)

and to inhibit or enhance proliferation of normal and transformed cells ;n \';11'0 (Lee el

al.. 1984; SugUiman et al.. 1985). The cell type could also inl1uence the synergy or

anlagonism of cytokines; while TNF-a increased the lFN-y-induced Class Il MHC

expression on astrocytes. TNF-a decreased that induced by IFN-y on endothelial cells

(Tanaka and McCarron. 1990).

ln conclusion. while TNF-a in isolation CU'l he a milogen for adult human

astrocytes. it inhibits the prolifel".ltive (:rrcct or more potent mitogens. namely CD 8 SN

and IFN-y. Studies of astrogliosis ;n vivo. where the brain is Iikely to encounter a

mixture of cytokines. necd to take into account the potential interaction bctwccn

cytokines.
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Figure Legends

Figurc 1. The technique of GFAP-BrdU double immunonuorescence to deteet

proliferating adult human astrocytes. GFAP immunorcactivity is displaycd in A and

thc cOlTCsponding BrdU labclling is shown in B. Astrocytes that hav('. incorporated BrdU

w'c shown hy arrows in A. (X 800).

Figure 2. The mitogenic elTeet of TNF-a on adult human astrocytes is

dependent on the concentration of FBS in the feeding medium. Values are melUl ±

S.E.M. of 4 covcrslips. where on each coverslip an avcrage of 149 ± 9 ceUs was

cvaluated blind. *P<O.05 compared to corresponding controls using l·way ANOVA

with Duncan's multiple comparisons.

Figure 3. The mitogenic elTeet of CDS SN on adult human astrocytes is

prevented by the co-administration of TNF-a. Results l'rom 4 series of adult human

astrocytes arc shown. Each histogram is the mean ± S.E.M. of 4 coverslips of ceUs where

on cach coverslip. 152 ± 7 OFAP- astrocytes were evatuated blind. In a lifth

preparation.where CD8 SN caused 58% of astrocytes to incorporate BrdU. TNF-a did

not decrease the mitogenic effect of CD8 SN (results not shown). *P<O.05 compared to

CD8 SN atone using I-way ANOVA with DUlican's multiple comparisons.

Figure 4. The proliferative elTeet of y-IFN on adult human astrocytes is

mtagonized by TNF·a but not by JL.la,p. Vatues are the mean ± S.E.M. of 4

coverslips where 168 ± 3 OFAP' astrocytes pel' coverslip were evatuated blind. +P<O.05

compared to y-IFN atone using I-way ANOVA with Duncan's multiple comparisons.

Figure 5. Th" inhibitory action of TNF·a is lost if added 2 days after IFN-y

treatmenL CeUs were incubated with 100 Ulml of IFN-y or TNF·a atone. or were
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exposed to LOO Ulml of both cytokines. In thc latter. TNF-Œ W'1S added either al the saille

time as IFN-y. or at 1. 2 or 3 days following IFN-y. Values arc lIlean ± S.E.M. fnllll

blinded analyses. and stalistical significance was assessed hy I-way ANOYA wilh

Duncan's multiple comparisons. *P<O.OS comparcd to lFN-yalone. P<ll.OS clllllparcd

to controls.
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Chapter 5

Reactive Astrogliosis in the Neonatal Mouse Brain

and Us Modulation by Cytokines

Yijayaba1an Balasingam. Trevor Tejada-Bcrgés. Erin Wright. Radka Bouckova. and

Yoon Wce Yong

(Journal of Neuroscience 14(2): 846-856. (994)

Abstract

Reactive astrogliosis is a characteristic response of astrocytes to

inflammation and trauma of the adult CNS. To assess the hypothesis that cytokines

from inflammatory mononuclear cells that accumulate around lesion sites have a

role in modulating astrogliosis, this study sought to take advantage of the neonatal

system in which astrogliosis is r<'ported to he oûnimal following injury and in which

the immune system is relatively immature compared to adult animais. A ni­

trocellulose membrane implant into the cortex of postnatal day 3 oûce resulted in a

tremendous astrogliotic response 4 d later, as measured by glial Iibrillary acidic

protein (GFAP) immunoreactivity and GFAP content. In contrast, a neonatal stab

wound produced Iioûted astroglial response when compared to the adult stab

wound. Utilizing the neonatal stab wound model, cytokines were oûcroinjected into

the wound site at the time of injury. Ali cytokines tested ('Y-IFN, IL-l, IL-Z, 1L-6,

TNF-a, and M-CSF) resulted in a signilicandy increased astrogliosis. The specilicity

of the cytokine response was demonstrated by the inability of human 'Y-IFN, but not

mouse 'Y-IFN, in enhancing neonatal mouse astrogliosis, in accordance with reports
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that the interaction of y.1FN with its receptor occurs in a species-specilic manner.

We conclude that neonatal astrocytes can become reactive if an adequate injury

stimulus is presented, and that the release of immunoregulatory cytokines by cells

around lesion sites may be a mechanism that contributes to the production of

gliosis.

Introduction

Reactive astrogliosis. where astrocytes undergo hypertrophy and! or proliferation

in addition to ether histological and enzymatic changes. is a prominent aftermath

following trauma and inllammation to the CNS (Latov et al., 1979; Smith et al.. 1983;

Mathewson and Berry. 1985; Maxwell et al., 1990a.b). A 10ngterm resu1t of the astrocytic

l'caction can he the formation of a glial sear at the lesion site (Reier et al.. 1983; Liuzzi

and Lasck. 1987). which, via yet poorly understood mechanisms. may inhibit axonal

l'cgcncl'ation or remyelination.

Injul'Y 10 the CNS also involves the recruitrnent of both endogenous and

cxogenous inllammatory mononuc1ear cells. particu1ar1y when the blood-brain bunier is

bl'cached (Kitamura et al., 1972; Tsuchihashi et al., 1981; Giulian. 1987; Giulian et al.,

1989; Morshead and van der Kooy, 1990; Milligan et al.. 1991; Woodroofe et al.. 1991;

Taupin et al., 1993). The cytokines released by the inllammatory mononuc1ear cells may

have a role in modulating astrogliosis. This notion is supported by studies where the

administration of interleukin- 1 (IL-1) (Giulian et al., 1988), interleukin-2 (IL-2) (Watts

et al., 1989). and interferon-y (Yong et al., 1991a) into the adu1t rodent brain increases

the CXlCnt of glial fibrillary acidic protein immunoreactivity (GFAP-IR). Intraocu1ar

injections of y-IFN. tumor necrosis factor-a (TNP·a), and IL-1 have also been reported

10 cvoke gliosis in rabbits (Brosnan et al.. 1989). In addition, in vitro evidence for the
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proliferation of neonatal rat or calf bovine astrocytcs in response 10 IL-I. IL-6. and TNF­

Ct. (Giulian and Lachman. 1985; Nieto-Sampcdro and Berman. 1987; Sclmaj et Ill.. I9lXI).

and human astrocytic celllines or primary human astrocytes to TNF-Ct. and y-IFN (Bama

et al.. 1 990; Yong et al.. 1991 a. 1992) have given further credence to the direct or

indirect role of cytokines in promoting astroglial reactivity.

While the presentation of astrogliosis is common to injuries occurring in the adult

CNS. injuries intlicted during embryonic or neonatal pcriods have becn observed 10

produce minimal astrogliosis. if any at all, in cortical stab wounds (Sumi and Hagel',

1968; Bignami and Dahl, 1976; Berry etaI., 1983; Maxwell etai.• 1990b) and spinal cord

lesions (Osterberg and Waltenberg. 1963; Gearhan et al., 1979; Bemstein et al.. 1981;

Barrett at al.. 1984), although this contention has becn challenged (Rocssmann and

Gambetti. 1986; Moore et al.. 1987; Trimmer and Wunderlieh, 1990). Reasons postulated

for the lack of astrogliosis in neonatal CNS injuries have included the relative immaturity

and plasticity of neonatal astrocytes and neurons. and the lack of myelin in neonatal

animals. Since the immune system in neonatal animals is relatively immature comparcd

to adults (Hobbs, 1969; Abo et al., 1983; Lu and Unanue. 1985; De Paoli et al.. 1988;

Hannet et al.. 1992), the consequent lack of cytokine production to evoke astrogliosis

may constitute a probable cause of the lack of astrogliosis following neonatal CNS

injuties. To explore lhis postulate, the aim of the present study was to inllict damage 10

the neonatal brain. to document the resultant extent of astrogliosis. and to determine

whether this extent could be increased by exogenously administercd cytokines.

Initial studies using the implantation of a picce of nitrocellulose membmne (NC)

into the cerebral cortex of postnatal day 3 (P3) mouse resulted in extensive GFAP-IR and

increased GFAP content when measurcd 4 d post-injury. In contrdSt, a neonatal stab

wound resulted in minimal astrogliosis, in accordance with the multitude of reports that

have documented minimal asu'ogliosis in neonatal animais following a stab injury (Sumi

and Hager, 1968; Bignami and Dahl, 1976; Berry et al.• 1983; Maxwell et al.. 1990b)

comparcd to an adult 5tab wound (Cavanagh, 1970; Mathewson and Berry, 1985;

Hozumi etai.. 1990; Maxwell etaI., 199Oa).
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Using the neonatal slab wound model. with ilS minimal astrogliosis. a bolus dose

of cytokines (20 U in 2 Ill) was administered to the slab cavity immediately following the

injury. Wc dcmonstrate that while controls had minimal astrogliosis 4 d aI'ter.

cylOkinc-treated animais had extensive astrogliosis. Ali cytokines tested [ y-IFN. IL·l.

IL-2. IL·6. TNF-lX, and human macrophage colony-stimulating factor (M-CSF))

provided for enhanced astrogliosis as determined by GFAP-IR, The species specificity of

the cytokine effcct was demonstrated by the inability of human y-IFN to evoke a gliotic

responsc in accordance with reports that the interaction of y-IFN with ilS rcceptor occurs

in a species-spccific manner (Gray et al.. 1989; Hemmi et al.• 1989; Rubio and de Felipe.

1991; Plala-Salaman. 1992), The resullS suggest that the OCCUITCnce of astrogliosis in

neonatal animais is dependent on the type of injury int1icted. and that the release of

immunorcgulatory cytokines by cells around lesion sites could he a mcchanism that

contributes to the production of astrogliosis.

Materiais and Methods

Creation ofbrain injury in neonatal mouse

PosUlatai day 3 CD 1 mouse pups (of either sex from standard-sized Iitters)

obtaincd from a commercial source (Charles River Canada. Montreal. Canada) were

anacsthetized with inhalational methoxyflurane. An incision was made in the skin

overlying the skull. and an iris scissors was used to make a 1 mm cut in the skull. Three

different types of injuries were then inflicted in groups of animais. For NC stab injury. a

dry 1 mm' picce of nitrocellulose membrane (Schleicher and Schuell. Keene. NH)

previously boiled in three changes of water to remove surfactant (Rudge et al.. 1989) was

inserted into the parietal cortex perpendicular to the surface and removed immediately.

For NC implant injury. animais were treated in the same manner but the membrane was

lcft in place for the entire duration of the experiment (4 dl. For scissors stab animais. an

iris scissors was used to make a I-mm-deep cut to the parietal cortex. The incision was
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c10sed using Krazy Glue and me pups werc kept under a heat lamp for 1 hr bcforc bcing

retumed to meir nursing momers.

Creation ofscissors srab injury in adult mOllse braills

Female CD1 retircd brecders (Charles River Canada. Monu'Cal. Canada) werc

anaesmetized wim an intraperitoneal injection of chloral hydrate (150 mglkg) and

immobilized in a stereotaxie frame. A midline incision was made and a unilateral cil'\;ular

(2-mm-diameter) craniectomy was perforrned over me left hemispherc by using a dental

drill. The scissors stab injury was inflicted as descrihed for neonates and me animais werc

kept under a heat lamp for 1hr post-surgery.

Administration of cytokines to neonatal animais in vivo. Immediatcly following

me scissors stab injury, a 22 gauge Hamilton microinjector (Hamilton Company, Reno.

NV) atlached to a stereotaxis instrument was used tO deposit 2 III of recombinant cytokine

solution (10 UlIlI) directly to me wound site. Injection rale was 1 mUmin. The skin

incision was c10sed wim KrolZY Glue as above. The following recombinant cytokines

suspended in 0.2% BSA were utilized: murine y·IFN. human y-IFN, human IL-I (a,~).

human IL-2, human IL-6, human tumor necrosis factor-a. (TNF-a.) and human

macrophage colony-stirnulating factor (M-CSF). These were chosen to rcllcet cytokines

predominanlly released by T-Iymphocytes (y-IFN. IL·2, and M-CSF) or microglial

macrophages (IL-l, lL-6. TNF-a.) mat are likely to he present at lesion sites. almough

astroglia have the potentiaI to make sorne of mese cytokines under selective conditions

(Wesselingh et al., 1990). Except for y-IFN. aIl the human cytokines used arc describcd

to he effective on murine cells by the manufacturers (Genzyme. Cambridge, MA; United

Biotechnology Inc., Lake Placid, NY).

Qualitative and quantitative assessment ofGFAP·/R in situ

Ali animais were killed by CO, asphyxiation 4 d following surgery; this time

point was chosen to rel1ect our findings (Moumdjian et al.. 1991; Yong et al.. 199 la) and

those of others (Norton et al., 1992) that the extent of GFAP-IR is likely to bc extensive
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al this junclure. al leusl in adull stab injuries. Brain \Vas removed and quick-frozen in

isopcntane on dry ice. Ten micrometer coronal seclions were obtained on gelatin-coated

slides and subjccted 10 immunol1uorescence for GFAP (glial Iibrillury acidic protein), a

cyloplusmic intermediate liIarnenl specilic for ustrocytcs (Eng, 1985). ln brief. sections

were air dried for 10 min und Iixed in 70% ethunol for 20 min. Arter wushing with

phosphate-buffered saline (PBS), each section wus treated for 2 hr with 3% ovalbumin

(Sigma) us a blocking step prior 10 incubation with a rabbil unti-GFAP polyclonal

untibody (1: 100; Dako Corp.) for 6 hr at room temperature. Following a brief rinse with

PBS. a gOal unti-rabbit immunoglobulin conjugated 10 FITC (1 :75; Jackson) wus

inu'oduced for 1 hr. Negative control for immunohistochemistry wus replacement of the

primury antibody with the diluting medium for untibody, HHG (1 mM HEPES buffer,

2% horse serum. 10% goat serum in Hanks' balanced salt solution). This wus foUowed by

a brief rinse in PBS and a Iinal water rinse before mounting with Gelvatol. Slides were

coded so that the qualitative ussessment of GFAP-1R could be performed blind.

Exarnination wus restricted to the cortical regions. since astrocytcs in these areas. unlike

those in the extemal glia limitans and corpus caUosum, are normally not GFAP-IR

although containing this intermediate-filarnenl protein (Bignami and Dahl, 1974). The

area of the cortex containing GFAP-IR astrocytcs was qualitatively tabulated from + to

++ ++ in ascending order of cortical area eovered by GFAP-IR astrocytes.

Quantitative assessment of GFAP-IR for the different injury models was

pcrformed using a confocal laser scanning microscope (Leica Laserteehnik, He::!:::lJcrg,

Germany) following immunolabelling for GFAP. Only the dorsal cortex ipsilateralto the

lesion site and its eorresponding contralaterul area were scanned for the quantitative

assessmenL The scanner was mounted on a Leica Auovert FS Microscope and optical

excitation was achieved on the 488 nm line of an'argon laser. The emitted fluorescent

\ight was directed through a band-plbS filter peaking at 535 ±7 nm before transmission to

the photomultiplier. Samples were scanned with a 2.5x, 0.08 NA objective in order to

encompass the cortical ipsilateral hemisphere within the laser's image acquisition domain.

The image was rcconslrUcted from the aver.lges of 64 passes per raster \ine (scan -64), in
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an attempt to obtain high signal-lo-noise ratio. The same arca of cortex (allcsion sile) was

examined in ail animais. lhe criteria being the densily of GFAP-IR cells and lhe degrce of

spread of rcaclivily as one moved away l'rom the wound ~ile. Arcas with GFAP-IR werc

lraced oulon each section 10 encompass only regions contributing 10 a cumulative

immunolluorescence intensily with a standard deviation of 30. This criterion was adoplcd

to achieve unifonn conservative estimalCS on the extenl of aSlrogliosis in ail groups

excepl the scissors stab and NC stab animais. For the lalter samples the relatively small

GFAP-IR cortical arcas necessitated scanning using a IOx. 0.30 NA objcctive in order III

facilitale image acquisition. Images were also obtained (ut scan -8) wilh a 40x. 1.3 NA oil

immcrsion objective for ail groups. as a means of verifying the presence of GFAP-IR

astrocytes in ail samples scanned with a lower-powered objective.

Quantification ofGFAP content

GFAP protein extraction and analysis by sodium dodecyl sulfate-polyacrylamide

gel eleclrophoresis (SOS-PAGE) were canied ouI via a modilied prolocol as previously

desctibed (Hozumi et al.• 1990). Corticallesion site was resected 4 d following injury and

quick-frozcn on dry ice. In addition. areas corresponding 10 the lesion site on lhe

comralateral side as well as areas ipsilaterally anterior 10 the lesion site were also resccted.

Pooled resected cortical tissue l'rom uninjured nonnal animais served as controls. Each

sample (approximately 10 mg) was homogenizcd in 50 vol of 100 mM phosphate butTer

(pH 7.4) containing 8 M urea al 4°C. The homogenate was boiled for 5 min on a hcut

block al 100°C and then analyzcd for lotal protein content with a protein assay kil

(Bio-Rad) thal utilizcd bovine serum albumin as a standard. Six milligrams of prOlein

extrael were further diluted in sample butTer (50 mM Tris-HCI (pH 6.8). 2% SOS. 10%

glycerol. 0.1-0.05% bromophenol blue) and boiled for 5 min al 100°C. Samples (in 20 III

vol) were elcctrophoresed on a 10% SOS-PAGE for 45 min al 200 V constant voltage.

with differenl quantities of purilied bovine GFAP (Bochringer-Mannheim) as standards.

A1'ter electrophoresis. the samples were transblOlted 10 a piece of Immobilon P

membrane (Millipore) al 100 V cOnstanl voltage for 1 hl' al 4°C. The membrane was
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incuhated in 5% skim milk in PBS (Blolto) followed by anti-GFAP antibody solution

(Daim; diluted 1: IOIXJ in Blolto) for 2 hl' at 4°C. The membrane was rinsed in PBS and

incuhated in "'I-Protein A (2 !lCi diluted in 20 ml of Blotto) for 1 hl'. GFAP protein

content was 4uantilied on a phosphor-imager (Molecular Dynarnics) using IMAGE

QUANT software. For eaeh membrane. the concentration of GFAP in each sample was

dctermined hy comparison 10 a standard curve construeted l'rom the integrated volumes

llCcupied hy the different purilied bovine GFAP standards. The correlation coeflicient for

the standard curves was always 0.98 or better. To allow for comparisons betwccn

different membranes. and bccause several initial Western blolS on the same samples

showed good reproducibility. GFAP content of test samples was exprcsscd as a ratio of

GFAP content l'rom the pooled norm;ù cortices on the same SOS-PAGE. Representative

autoradiograrns of Western blolS have becn included (sec Figs. 4. 6).

Assessmellt ofin l'itro astro(YTe proliferation

The procedure for the culture of neonalal astrocytes l'rom postnatal day 1 CD 1

pups. and assessment of proliferation have becn deseribed in detail elsewhere (Yong.

1992). ln ail experimenlS. cells were treated once with test agenlS (sec Table 3) and

rnaintained for 4 d; I!lCi of ['Hl-thymidine was administered dUling the last 16 hl' of the

cxpelimenl.

Results

Astrogliosis can occur after neonatal injury

We conlined our inspection of astrogliosis to the eortical regions since the cortex

of normal animals show no GFAP-IR astroeytes (Fig. 1) although containing this

intelmcdiate liIarnent protein; in contras!. normal brains demonstrate GFAP staining of

the corpus callosum and the glia limitans (Bignami and Dahl.1974). Initial experimenlS

using a piccc of NC inserted into the cortex of neonalal mouse for 4 d (Ne implant)

cvoked extensive astrogliosis as determined by the area of GFAP-IR (Figs. 1. 3). To
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rcconcile this observation with the multitude of reports that have documenled minimal

astrogliosis in neonaml animais following a CNS smb injury (Oslerbcrg and Watlenbcrg.

1963; Sumi and Hager. 1968; Bignami and Oahl. 1976; Gearhalt ('1 (/1.. 1979; Bel11slCÎn

el al.. 1981; Ben)' el al.• 1983; Barrelt at al.. 1984; Maxwell el (/1.. 1990h). we pcrt'llllued

a scissors smb injury to the coltex in P3 mice. Four days laler. GFAP-IR was miniJ11:'1

(Fig. 2); in contrast. a similar scissors smb injury la the adull mllUSC hmin (Fig. 2)

resulled in eXlensive gliosis with a spatial disuihutian similar 10 that describcd hy

Mathewson and Berry (1985). FUlthermare. in neonaml animais slabbcd wilh a piecc of

NC membrane lhat was then removed (NC smb). GFAP-IR was alsll minimal (Fig. 2).

suggesting Ihat the increasc in lhe GFAP-IR abscrved in neanaml NC implant group was

likelya factor of the duration of the NC implant in l'il'o.

We quantilied the arca of the COrlCX containing GFAP-IR asu'ocyleS in the

different injury models. Figure 3 conlirms the eXlensive increasc in GFAP-IR in the

neonatal NC implant group. and the minimal astrogliosis following scissors smh or NC

smb to the P3 pups. Similar quantilication for adult scissors smb injury indicales that Ihe

extent of gliosis in neonatal NC implant animals was even higher than that following

adult scissors smb injury (Fig. 3).

Prolein extracls from the rcsected areas circumscribing the lesion sites wcre

electrophorescd on SOS-PAGE (FigA). GFAP content (expressed as micrograms

GFAP/mg lotal protein) at the lesion site was signilicantly increascd in the neanatal NC

implant injury model over both NC smb. scissors smb. and normal animals 10 corrclate

with the observed increase in GFAP-IR (Table 1).

ln a previous repon (Moumdjian el al.. 1991). we demonstrated thal following a

large stab wound to the adult mt brain. the extent of astroglial reactivity was extensive

and involved alse the contralateral hemisphere. ln the present study with neonatal mice.

no conu'a1aleral astrogliosis was documented for any of the injuries pcrformed. including

the NC implant group. where ipsilateral astrogliosis was extensive (Figs. 1. 2). Fur­

thelmorc. when GFAP protein content was quantified l'rom tissue sorne distance from the

lesion site (cOlTCsponding contralater.l1 area or ipsilater.l1 arcas at least 4 mm from the
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lesion), no changes could he documenled l'rom controls, even in the NC implant group

(data not shawn). Thus, while Ne implant in neonatal mouse brains resulled in an

increase in GFAP-IR (Fig. 1) and GFAP prolein conlent (Fig. 4), this was focal and re·

maincd conlined to the area immedialely circumscribing the lesion.

The above Iindings of the increased GFAP-IR and GFAP conlent in the neonatal

NC implant group. but not in the NC stab or scissors stab animais (Table 1), suggestthat

the occurrence of astrogliosis in the neonatal brain is clearly feasible and is dependent on

the type of injury inl1icled.

Cytokines can ellhallce neonatal astrogliosis

Qualitative analysis

To asscss the contribution of the immune syslem in producing astrogliosis, we

augmenled the neonatal's immature immune syslem with the administration of cytokines.

The scissors stab-injured animais with ilS minimal astrogliosis now demonstrale enhanced

GFAP-IR to most cytokines. As shown in Table 2. recombinant mouse y-IFN. lL-I,IL-2.

lL-6, TNF-ex. and M-CSF eliciled increased GFAP-lR when compared to vehicle (0.2%

BSA)-trealed controls. ln contras!, human y-lFN did not evoke astrogliosis over that of

vehicle-trealed controls, in accordancc with reports that the inleraction of y-lFN with ilS

rcceptor to elicit a response occurs in a species-specific manner (Gray et al.• 1989;

Hemmi et al.. 1989; Rubio and de Felipe,I99I; Plata-Saiaman,I992). Vehicle (0.2%

BSA)trealed controls displayed moderale astrogliosis. compared to scissors stab-injured

animais with minimal astrogliosis (Table 2).

Quanritatil'e analysis

Our choice of cytokine (rmy-lFN) for quantification of exlent of astrogliosis was

delelmined by our long-standing inlerest in y-lFN and ilS effcclS on glia (Yong et al.. 199

la.b. 1992). The eXlent of astrogliosis was measured by the density of GFAP-lR cells and

the degrcc of sprcad of rcactivity as one moved away l'rom the wound sile (Fig. 5).
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Figure 3 shows thal the administration of 0.2% aSA as a vehicle following a

scissors slUb injury increases the extenl of OFAP-IR (mean uroa of 180 ± 27 x 10' mm')

compared 10 the scissors slUb injury alone (mean uroa of 30 ± 2 x lO' mm'!. Comparisons

belwccn Imy-IFN and iLS 0.2% aSA vehicle shows thal the deposilion of 20 U of Imy­

IFN (mean area of 634 ± 54 x 10' Ilm') further increased the eXlenl of uslrogliosis hy

3.5-fold (p < 0.01. Sludenl's ltesl).

MeasuremenLS of OFAP contenl (Fig. 6) of 10 mg samples circumscribing lhe

cylokine-injccted scissors slUb site show thal when expressed as a ralio of nlllma\ brains.

OFAP contenLS for aSA and Imy-IFN groups are. respeelively. 2.0 ±0.4 (n uf 8 samples)

and 1.9 ± 0.3 (n of9 samples). Thus. while the OFAP contenl in lissue circumscribing the

injccted scissors slUb site was increased over thal of normal brains. rmy-IFN did nol

elevate OFAP contenl when compared to iLS aSA vehicle control. Hence OFAP contenl

(with no change) does nol appear to rellect astrogliosis on the basis of OFAP-IR (3.5-fold

increase) following rmy-IFN treatrnent (Fig. 3).

Proliferative response ofneonalal astrocyles to cytokines

We further addressed the conuibution of cytokines luward proliferation of

ustrocylCS. a frequenl linding of astrogliosis (Cavanagh. 1970; Lalov el al.. 1979;

Jancczko. 1988. 1991; Takamiya el al.. 1988; Topp el al.• 1989). by testing for their in

vill'O milogenic capabilities. ['Hl-thymidine measurements revealed thal only rmy-IFN

and recombinant human IL-I (rhILl) could alter proliferation in an antimilotic fashion

(Table 3). Epidermal growth factor. a non-cytokine growth faclor that served as a positive

control to indicate viabilily and responsiveness of neonatal murine astrocytes 10 a delined

mitogen. increased the proliferation of neonata! murine astrocytes. Thus. the abilily of a

cytokine 10 alter the prolifemtion of neonata! astrocytes in vitro docs nol predicl iL~

capabilily in enhancing OFAP-IR in vivo.

Discussion



1

•

107

The occurrence of aSlrogliosis following injury and inl1ammation lo the adull

CNS is a slCrcolypical occun'Cncc rceognizcd by increascd GFAP-IR. a long-standing

neuropathological hallmark (Lalov et al.• 1979; Smith et al.• 1983; Mathewson and

Berry. 1985; Aquino et al.• 1988; Takamiya et al.• 1988; Hozumi et al.• 1990; Maxwell et

II/.. 199Oa; Moumdjian et al.• 1991). Thcsc studies have highlighted a number of salient

features associated with astrogliosis: astrocytic hypertrophy is more prominent and

precedes astrocytic hyperplasia. astrocytic hypertrophy can occur in the contralateral

cortex or other sites remolC l'rom the lesion site. and an increase in GFAP-IR is not

nccessarily paralleled by an increase in GFAP content. The reactive changes to astrocytes

at the site of injury could be accounted for by the evolution of a number of factors related

to the injury itself. including neuronal ncerosis. mcehanical changes in the tissue. ionic

changes (Mathewson and Berry. 1985). or perhaps the disruption of the blood-brain

banier with consequent migration of inllammatory ceIls with the potential of cytokine

production.

In contras!, the majority of studies have shown that injury to neonalal CNS elicits

minimal astrogliosis. if any (Osterberg and Wattenberg. 1963; Sumi and Hager. 1968;

Bignami and DOOI. 1976; Gearhart et al.• 1979; Bernstein et a/.. 1981; Berry et al.• 1983;

BWTett at al.. 1984; Maxwell et aL. 199Ob), although this contention has becn chaIlenged

(Rocssmann and Garnbetti.1986; Moore et al.. 1987; Trimmer and Wunderlich, 1990).

Previous sludies have implicated the accumulation of inllarnmatory mononuclear cells

and their cytokines at lesion sites of the CNS in modulating the reactive astrocytic

changes (Kitarnura et al.. 1972; Tsuchihashi et al., 1981; Giulian et al.. 1987. 1989;

Morshead and van der Kooy. 1990, Milligan et al., 1991; Woodroofe et al., 1991; Yong

et al.• 199 la; Taupin et al.• 1993). Given the relative immaturity of the immune system in

nellnalcs compared to adults (Hobbs. 1969; Abo et al., 1983; Lu and Unanue, 1985; De

Paoli et al.• 1988; Hannet et al.• 1992), we postulated that the immaturity of the immune

system in neonates may conuibute 10 the lack of neonatal astrogliosis.
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It was first necessary to document that the neonatal CNS had limited astrogliosis

following injury. This was lirst initiated by implanting a piece of NC membrane into the

P3 mouse brain for 4 d. What was observed. however. was a tremendous GFAP·IR (Fig.

L). In contrast. an iris seissors stab wound to the neonatal brain (Fig. 2). similar to the stab

models used by others with reports of minimal astrogliosis (Sumi and Hager. 1968;

Bignami and Dahl. 1976; Berry et al.. 1983; Maxwell et al.• 1990b). evoked liule

GFAP-IR and a small increase in GFAP content (Table 1). The cause of the NC implant

in evoking astrogliosis in neonatal animals is probabLy due to its continued presence in

vivo. since in the NC stab animais linjury using an NC membrane. which was then

removed immediateLy). minimal astrogliosis was obselved 4 d later (Fig. 2). It is probable

that the continued presence of the NC implant against a background of a maturing

immune system provides a suflicient stimulus to evoke an immune cascade; the release of

adequate cytokines at the lesion site may then contribute to the extensive astrogliosis

observed (Fig. 3). Whatever the explanation. the conclusion is that reactive astrogliosis as

measured by GFAP-IR and GFAP content (Fig. 4) can occur in the neonatal brain. and

that it is dependent on the type of injury inflicted (Table 1).

In the NC implant model. astrogliosis was characterized by both an increased

synthesis of GFAP intennediate filaments and hypertrophy of the astrocytic cytoplasmic

processes. The functi~nal l'ole for the increase in this intennediate filament is not known.

Smith et al. (986) have reported that reactive astrocytes could migrate on to an NC

implant within 24-48 hl' post-implantation in neonatal animais and that these astrocytes

fonned a terrain that facilitated axonal extension and regeneration. These neonatal

astrocytes also appeared to Lack the expression of putative growth-inhibitory molecule.~

such as chondroitin-6-sulfate proteoglycan and cytotactin that were present in adult

astrocytes (McKeon et al.• 1991). These lindings suggest that neonatal reactive astrocytes

may have potential regenerative properties.

To test the hypothesis implicating cytokines as contributors toward astrogliosis.

we chose to utilize the neonatal stab model with its inherent minimal gliotic response. A

single microinjection of cytokines (nny-IFN. rhIL-I. rhlL-2. rhIL-6. rhTNF·a, and



•

•

109

rhM-CSF, all of which are described 10 be effective in mouse cells by the manufaclurer)

inlo the cerebral cortex of the neonatal mouse produced an astrogliotic response (Table

2), similar 10 thal seen in adull smb wound mode1s by OFAP immunoreactivity (Fig. 2)

(Mathewson and Berry, 1985; Moumdjian et al., 1991; Yong et al.. 1991a). The

specilicily of the cylokine effecl was demonstrated by the inabilily of rhy-IFN 10 evoke

an astrogliotie response beyond that of vehicle-treated controis (Table 2), an observation

thal is in accordance with reports indicating a species-specilic interaction belween y-IFN

and ilS receplor (Oray et al., 1989; Hemmi et al., 1989; Rubio and de Felipe, 1991;

Plam-Salaman, 1992). The linding that a single administration of cytokines can induce

signilicanl astrogliosis in the neonatal smb model with ilS inherent minimal astrogliosis is

consistenl with the postulate that the lack of astrogliosis following neonatal injury is .

related 10 an immature immune system. This immature immune system would then be

partially reconstiluted by cytokine administration.

The quantilication of the extent of astrogliosis evoked by rmy-IFN (634 ± 54 x

10' mm') l'evealed a 3.5-fold increase over that of vehicle-treated controls (180 ± 27 x ID'

mm') as detelmined by OFAP-IR (Figs. 3 & 5). However, the analyses of OFAP contenl

l'rom tissue circumscribing the injection sites for rmy-1FN and vehicle-treated controls did

nol diner bUI it was higher than unoperated normal controls (Fig. 6). Thus, OFAP content

did nol reflecl the extent of astrogliosis on the basis of GFAP-IR following rmy-IFN

treuunent. A similar type of occurrence has becn documented in animals with

experimental autoimmune encephalomyelitis (EAE), where OFAP content of the spinal

cord did not differ l'rom controls at 13-18 d post-inoculation (dpi), u period when intense

OFAP-IR was observed in the EAE groups (Smith et al., 1983; Ooldmuntz et al., 1986);

correlation of OFAP-IR with OFAP content was observed at later periods (35-65 dpi)

(Aquino et al., 1988). The most likely Interpretation for the non-correspondence between

OFAP-IR and OFAP content may be that as astrocytes swell and OFAP filament

dissociute there is an increased availabilily of antigenic epitopes 10 antibodies for OFAP

(Aquino et al., 1988; Eng et al., 1989). This phenomenon secn in EAE for the initial
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increase in GFAP-IR before eventual increasc in GFAP content appcars similar to that

observed in our neonatal rm'Y-IFN scissors stab mode!.

Why do all cytokines tested induce astrogliosis'! While it is possible that all thesc

cytokines have direct effects on astrocytes. an indirect'phenomenon through a possible

common pathway is also likely. This route may conceivably bc by the recruitrnent of

inllarnmatory mononuclear ecUs. including a final effector ecU and its cytokine(s). to the

lesion site. This possibility is supported by the report of Brosnan et al. (1989). who

describcd the occurrence of astrogliosis and increascd adherencc of inllammatory ecUs to

the vasculature al'ter intraocular injection of'Y-IFN. TNF-a, and IL-!. In addition, Wal1s et

al. (1989) have demonstrated the disruption of the blood-brain barrier and the recruitrnent

of inl1ammatory ceUs to the intracerebral injection site of IL-2. Furthermore, Simmons

and Willenbourg (1990) have described the occurrence of a widespread inllarnmatory

rcsponse to a single microinjection of 'Y-IFN or TNF-a in the lumbosacral cord. Finally.

Sethna and Lampson (1991) have observed a that a single intracerebrc1l injection of 'Y- IFN

resulted in the recruitrnent of many types of inllammatory ecUs to the brain. Our

laboratory is currently testing the direct and indirect role of cytokines in mediating gliosis

in vivo. We are exarnining the role of 'Y-IFN as a Iinal common mediator, given the

identilication of a specitic receptor for mouse 'Y-IFN on neonatal mouse astrocytes (Rubio

and de Felipe, 1991), and given the potent effects of 'Y·IFN on astrocytes in mixed or

puritied cultures in vitro (Yong et al.• 1991 a,b. 1992).

An important question now arises: whieh ceUs are rcsponsible for the production

of cytokines? Conceivably, inliltrating mononuclear phagocytes (macrophages) and other

ceUs of the immune system (e.g., T·lymphocytes and NK ceUs) are potentially involved.

CeUs intrinsic to the CNS could also he potential sourCes of cytokines. In this regard.

microglia, astrocytes, and even neurons have been suggested to synthesizc cytokinc.~

under sel~tive conditions (Giulian et al., 1987; Wcsselingh et al., 1990; Logan et al.•

1992; Tchelingerian et al., 1993). The nature of the in vivo ceUular clements contributing

to cytokine(s) production foUowing injury remains to be elucidated.
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Our investigations demonstrate thal the abilily of a cylokine lo alter the

proliferation of neonaLal astrocytes in vitro docs nol prediel iLS capabiliLy in enhancing

GFAP-IR in vivo. While all cylokines tested in vivo increased GFAP-IR (Table 2), our in

vitro sludies demonstrated an antimiLotie effccl by nny-IFN (Yong et al., 1992) and IL-l,

withoul any signilicanl effccLS by the other cylokines (Table 3). IL is also worth noting

thal while others have found IL-l, IL-6, and TNF-ex lo he milogenie for neonaLal ml and

calf bovine astrocytes (Giulian and Lachman. 1985; Nielo-Sampedro and Bennan. 1987;

Selmaj et al.. 1990), these cylokines were nol miLogenie for neonaLal mouse astrocytes.

This apparenl discrepaney may he due lo species differences, since we have demonstrated

thal while nny- was inhibilory for proliferation of neonaLal or adull mouse astrocytes, rhy­

IFN was a milogen for feLal and adull human astrocytes (Yong et al.. 1992).

In conclusion. astrogliosis ean oceur in the neonaLal brain if a sufficienl stimulus

(NC implant) is present For the neonaLal scissors smb wound model with iLS inherenL

minimal astrogliosis, a single administration of cylokines induces extensive astrogliosis.

These resulLS implicate immunoregulalory cylokines as important conLributing faclors to

lhe production of astrogliosis following an injury to the CNS.
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Figure Legends

Figure 1. Implant of NC membrane into P3 mouse pups for 4 d increases the extent

of GFAP·IR at the implant site (C). In C. the cortical areu occupied hy GFAP-IR

astrocytes is encompassed within the truced oul1ine. In nOlmal neonules (A und B.

representing the ipsilateral and contralateral hemispheres)7 or in the conlmlalerul

hemisphere of NC implant pups (D). GFAP-IR was deteeted only in the corpus callosum

(top of each frame) and glia limitans ~boltom of euch fmme). Images in A-D were

acquired by confocal laser scanning microscopy (described in detail in MUlCrials and

Methods) using a 2.Sx objective. E is a higher magnilication of the truced area in C.

acquired using a 40x objective. to denote the morphology and reactive nature of the

astrocytes.

Figure 2. A scissors stab (A, B) or an NC stab (C, D) to P3 mouse pups results in

minimal astrogliosis when compared to NC implant in neonates (Fig. 1) or scissors

stab to adult mice (E, F). Because of the small GFAP-IR cortical arell~. neonatal brain

sections in A-D were scanned using a IOx objective (in contrast to 2.Sx for NC implant in

Fig. 1) to facilitate image acquisition. For visual comparisons. the images for adult

scissors stab injury (E. F) are IOx objective acquisitions. A. C. and E are hemispheres

ipsilateral to the lesion site. while the corresponding contmlateral hemispheres are

depicted in B. D. and F.

Figure 3. Quantitative comparisons of the cortical ares covered by GFAP·IR

astrocytes in the dilTerent injury paradigms in mouse pups. lnjury was inllicted on

P3. and animals were killed 4 d artel'. Adult scissors stab animais have becn included for

relerenee. Each data point represcnts the image acquired l'rom a single brain section. Two

brain sections pel' animal. taken l'rom the lesion site in all cases. l'rom seven animals pel'

group. were analyzed. Scïssors stab (mean GFAP-IR area of 30 ± 2 X lU' mm' ) or NC
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stab (mcan arca of 53 ± 5 X 10' mm') to nconates elicited little astrogliosis whcn

comparcd to nconate Ne implant (mcan arca of 1016 ± 37 X 10' mm') or adult scissors

stab injUlics (496 ± 22 X 10' mm'). Thc introduction of 2 ml of 0.2% BSA to the

nconatal scissors stab wound site rcsulted in increased OFAP-IR (mean arca of 180 ±27

X 10' mm') comparcd to scissors stab alonc, while 20 U of y-IFN in 0.2% BSA enhanced

astroglial rcactivity cvcn further (mcan arca of 634 ±54 X 10' mm').

Figure 4. GFAP content of tissues (approximately 10 mg wet weight) c1rcumscribing

the lesion site in the diITerent injury paradigms in neonatal animais. OFAP content

was rcad off a standard curve gencrated by different amounls of purified OFAP (10-100

ng). The mousc OFAP bands ran at a slightly different molecular weighl !han the OFAP

standards (51 kDa) probably becausc the latter were of bovine cxtract OFAP content of

nOlmal mousc cortex was 0.3 Ilg/gm total protein, which corresponds to normal values

rcported by Ooodlcll et al. (1993).

Figure 5. lncreased GFAP·IR in mouse pups treated with rmy-IFN following a

scIssors stab wound (C, D) compared to vehicle (0.2% BSA) treatment (A, B). A and

C arc at thc lesion site while B and 0 are hemispheres contralateral to the lesion.

Quantitication of the area of OFAP-IR in cach group is displayed in Figure 3; on average,

Imy-IFN increased OFAP-IR by 3.5-fold over ils BSA vehicle control.

Figure 6. Despite the increase in GFAP·IR elicited by y.IFN compared to 0.2% BSA

vehicle, content of GFAP did not diITer between the two groups•
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Table 1. Astrogliosis in neonatal Ne implant injury

Injury

Neonatal scissors stab
Neonatal NC stab
Neonatal NC implant
Adult Scissors Stal;

Area ofOFAP-IR
(x 103 f.lm2

)

30 ± 2 (14)
53 ± 5

1016 ± 37 (14)*
496 ± 22 (14)

OFAP content
(ratio ofnorma1)

1.3 ± 0.1 (8)
1.6 ± 0.2 (6)
3.0 ± 0.3 (13)*
Notdone

•
•

Values are mean ±SEM, with the number of samples shown in parentheses. Two brain
ections per animal )Vere scanned ta give the area of OFAP-IR. For measurements of OFAP
ontent, a 10 mg piece oftissue circumscribing the lesion site was used per animal. *p <
0.05 compared to aU the other groups, using one-way ANOVA with Duncan's multiple
omparisons.
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Table 2. Cytokines qualitatively increase the extent of GFAP-lR
following neonatal scissors stab injury

Treatment

Scissors stab alone
O.2%BSA
Humany-IFN
Mousey-IFN
IL-la,J3
IL-2
IL-6
TNF-a.
M-CSF

Number ofmice

2
4
4
6
6
4
6
4
4

Extent of
GFAP-IR ;

+
++
++
++++
++++
++++
++++
++++
++++

•

Brain sections were analyzed blind and the extent ofGFAP-IR in the ipsilateral cortex
abulated from a scale of+ (minimal) ta ++++ (extensive). On average, four brain sections
er animal were analyzed blind.

•
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Table 3. Proliferative response of neonatal mouse astrocytes to
cytokines in vitro

Treatment

Control
BSA
Mouse y_IfNa
Human y_IfNa
JL.1a,~

JL.2

JL.6

TNF-a

M-CSF

EGF'

Concentration

0.2%
100 Uiml
100 UlmI
1 Uiml
lOu/mi
lOOU/mI
500U/mI
10UlmI
100 Uiml
10 Uiml
100 Uiml
500U/mI
1 Uiml
10 Uiml
100 UlmI
500 Uiml
5 CFU/mI
10 CFU/mI
50 CFU/mI
5 ng/m1

lH-thymidine
(% ofcontrais)

100 ± 2 (129)
102 ± 3 (15)
49.8± 3(18)·
98.8± 4(12)
85.8 ± 5 (7)
71.0± 3(15)·
78.4 ± 4 (23)·
78.0 ± 4 (12)·
97.3 ± 4(7)
123 ± 4 (16)
111 ± 5 (12)
101 ± 6 (12)
94.1 ± 6(11)
117 ± 7 (12)
99.6 ± 6 (15)
90.0 ± 5 (15)
82.2 ± 6 (14)
98.9± 5(12)
96.9± 4(11)
111 ± 3 (12)
323 ± 34 (12)·

•

Results have been compiled from 16 different experiments involving 12 mouse culture series.
In ail experiments, ceIls were treated for 4 days with agents: ll1Ci of 3 H-thymidine was
administered during the last 16 hours of experiment. Values are mean ± SEM with nwnber
ofcoverslips analyzed shawn in parentheses.
aconfirms published results (Yong et al., 1992) that mouse but no human y-IFN produces
decrease in proliferation rate at 10, 100, and 1000 Ulm!.
b This non-cytokine growth factor was used as a positive mitogenic control.
.p < 0.05 compared ta contrais (one-way ANOVA with Duncan' s multiple comparisons).
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Chapter 6

Conclusion and Future Directions

This thesis has focuscd on cytokines as mediators of astrogliosis both in vitro Wld

following CNS u'auma in vivo. The conclusions contained hercin further implicate

cytokines in this process Wld present one with a number of questions which CWl be

fUither addrcsscd. First of ail. which cytokine or cytokines are key modulators of

astroglisis Wld. furthermorc. which inl1ammatory cells are rcsponsible for !heir

production'!

As of yet. it rcmains unclear whether one cytokine is key or whe!her a multitude

of cytokines are rcsponsible for astrocytic rcactivity. To !his end. receptors for IFN-'Y

(Rubio Wld de Felipe. 1991) and IL-I (BWl et al.. 1993) have been localized on

asu·ocytes. suggesting !hatthese molecules may be impOitant Wld direct mediators of !he

astrocytic responsc to inl1ammation. Our results so far suggest !hat a number of

cytokines arc responsible. Whe!her !hey exen !heir intluence directly or indirectly via a

linal common molecule rcmains unclear. It is possible !hat different parameters of !he

gliotic reaction are controlled separately. or to a greater extent. by differcnt cytokines Wld

that!he combination of cytokines !hat one might expect in vivo results in a multiplicity of

cffccts. which is more !hWl is evident when each of !hese is tested in isolation.

In terms of cellular sources for !hese cytokines. a number of studies have

demonstrated !he presence of macrophages. microglia. NK cells and T lymphocytes at !he

site of injury (Giulian. 1987; GiuliWl et al. 1989; Perry et al.• 1993). Further studies need

to qUWltitate !he presence of specifie types of inflammatory cells in experimentai

paradigms wherc astrogliosis is evident Furthermore.!he potential l'ole of neurons Wld

asu'ocytcs as producers of cytokines cannot be overlooked. Reports have indicated !hat

neurons can produce IL-I. IL-2. IL-3. M-CSF. TNF-a and a IFN-'Y-like molecule.

Astrocytes. on !he o!her hand. have long been shown capable of producing IL- \, IL-3. IL-
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6, M-CSF. IFN-y, TNFa and TGF~, under both basal and stimulated conditions

(reviewed in Yong. in press). Thus. the polcntial for a complex network of para- IUld

autocline signais mediating astrogliosis is in place.

Finally. as mentioned previously, lhe functional role of reactive gliosis is unc\ear.

however. evidence is emerging that reactive astrocytes have neurotrophic p1'llpclties. lt is

bccoming increasingly clear that cytokines play a central role in the responsc of the CNS

to injury. On the one hand, they induce a variety of astrocytie changes such as cellular

proliferation. upregulation of cytoplasmic proteins and induction of the neurot1'()phic

propcrties of asu'OCytcs. including the production of growth factors. expression of

extracellular mauix and ccli adhesion molecules. As weil, cylokines themsclves arc

capable of directly enhancing the differentiation and survival of neurons in vitm. The

combined presence of cytokines. reactive astrocytcs and neurotrophic faclors increascs

the likelihood of interactions within the CNS microenvironmenl. A key question which

follows is whether modulation or reactive astrogliosis is possible by varying the

inllammatory response to CNS trauma and what errcct this might have on the putative

neurotrophic l'Ole of astrogliosis.
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