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ABSTRACT 

. Icroenvlronnwntal orgalll/.at IOll of l'ad\' pn'cllr~or H c(,II~ 

ln m')use bone Jll 'rt. .,1 has bcen ~;ttl(hed USll1g t.hn'(' ('xp('nnH'l1t.d IlHJ(Il'I~ (1) 

mutant nuce w" 

pro-B celle l' n 

expandc , r ' (' 

C3HIHetJ miL__ Ji'In? 

{' comb1llcd imTlluI1(){!('ficJ('ncv (~('1})). WhlCh d('\,l'Iop 

cl B Ct'lIs. (2) SeiD/myc (ran~gl'I1IC III 1 Cl' havlIlg 

Jons, but. no pn'-B and B ('l'Ils. (:0 x-IrradIH(('d 

J stages in the regelH'ra( 1011 of pro- B ('('Ils 1 n bOl1l' 

marrow seeded from Ct sh1Clded murrow 81Ü' The W II/PO locallzat.lOn of' B~~O' 

cells was revealed by the hindmg orl.V. mjccted 12-'I_mAh 14 H dPtPc\,pd by light. 

and electron mIcroscope radioautography of femoral marrow S('ct.\()II~. Many 

B220+ pro-B cells were located In pertpheral reglOTlH of' SCII) and se Il )/myc 

bone marrow, often In c1usters, assocwLcd wlth an ell'ctron deruw ('xt.ntc('llular 

matrix and wlth the proccsses of stromal retlcular cells Many B~~W œl1s wl'rp 

associat~d with macrophages whlch cont.amcd numerous mgest,(·d hod)('s 

Macrophage aSSOCIatIOns were more numerous ln sel I>/myc t.han Hl ~CI J) min', 

especially In the periphetal marrow reghms ;3-G day post-Irrad wLIorl 

endocolonizing marrow contamcd lT1crcasing nurnhers of B~~O' c,,\Js ln 

subosteal and penphcra) re~]()ns, situated hoth wlt'lin SIJ1UHOIds and 

extravascularly, associéltcd with stromal reticular cell processe~ and often e1o:-iP 

to nerve fibers. The rcsults demonstrate that carly B~~W preeun,ors negln Lo 

diITerentiate in penphcral marrow reglOns and deve]op mtImaLe assocJatlOn~ 

wlth reticular cells and macrophages Thcsc findings suggeHt thaL Lhrough 



• 

• 

these as~()cJations, the hone marrow retJcular cel1s promote the early 

d('v(~l()pment of the B cclI lincage, whilc the bone marrow macrophages play a 

rol(~ !TI the ehrmnatlOD of ahCl, ant precursor B eelJs 
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RÉSUMÉ 

L'organIsation nllcrocnVl 1'0 tlcl1H'ntalc III S/ t 11 dt's Pl't'l'U n'l'li rs dt's 

lymphocytes B dans la moelle osscu"c dl'S souns ,t l'te {,tudu.'(':\ Î(lH!l' dl' tnl\:-' 

modèles expérimentaux. 1) la ~Ollns llmtantt' SeIn, qUI dp\'t'lopp(' ll's l'l'Ihd(·<-; 

pro-B: malS pa:::; le5 cellu les prc-H eL H, la SOUriS tr.lI1:-.g('lllqlH' ~('l D/mve " lllH' 

population de cellu les pro-13 plus grand que nornwh'. m;lI~ Il'a pm; (h ('('Il11ll's 

pré-B et B; la SOUrIS C~:3H/He,J exposép aux rayon:-;-x (,t l'Xamlll('(' durant lPs 

premîers stages de refjénératlOn des ccllules pro-B en pl'oVt'nanc(' d'ull SII(' dt' 

la moelle protégé La localIsatIOn des cellules pro-B a (lU' p('rllll:-.(' pal' 

l'attachement, in Situ, de l'anticorps monoclonal 14.R asso('I(' Ù 12
r

'l, 1l1.1<,cté 

intraveineusement. Les sections dè la mopllc oSSPUsc. (\XPOS(\PS n la 

radioautographle. ont été enSUIte cxamméc~ par mICl'OSCOpIP op!'HIUt' Pl. 

électronique. PlUSIeurs cellules B220+ pro-B étaIent :ocahsécs dans leI-> r(\glofls 

pérIphérIques de la moelle oss('use des ::,ouris SeID et SeID/mye, souvpnL Pli 

groupes, et associées avec de la matnce extracellulmre et d('s proC(\:-; d(' cpllul(':-; 

réticulaires du stroma Plusieurs cellules B220+ étaient aSSOCI('('S avpe des 

macrophages qUI contenaIent plllsIeurs corps II1gcsLrs Le~ associatlOlls avpe les 

macrophages étalent plus Ilombreuses chez les SOUriS Sein/mye qlH' c!}(!Z les 

SOUrIS SeID, spéCIalement dans la région pÔl'I phénque de la mOl'!I(' ()~s('US(! 

Aux Jours 3-5 après le traItement aux rayons-x et la rceolonJsatlOn, la rnoplle 

contenait un nombre grandissant de cellules B220+, dans les réglOp.s aSSOCiées 

à l'os et les régions périphériques, situées dans les slI1usOides eL 
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(~xtravasculaJremcnt, assoclée~ avec des procès de cellules réticulaires du 

stroma pl, souvent a proximIté de fibres nerveuses Les résultats démontrent 

que les JellD(~f-, prôeurs(~urs des cellules B220+ commencent leur ddTén:ntlatlOn 

dan!' les régiOn~ pérIphénques de la moelle osseuse et développent des 

assoGwtions intimes avec les cellules rétIculaIres et les macrophages Nous 

suggérons qu'il travers ces assocIations, les cellules reticulaIres de la moelle 

osseuse prom(Jl1voi('nt le développement des cellules de ligné8 B tandis que les 

macrophages de la moelle osseuse jouent un rôle dans l'élimination des 

précurseurs des cellules B aberrantes . 
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1. INTRODUCTION 

The mammalian immune system consists of a multitude of cclluar 

components responsible for eliminating potentially harmful forcign organisms 

and molecules from the body. One important constItuent of the ImmUlll' system 

is the B lymphocyte lineage, responslble for humoral Immumty, medIated by 

antibody formation. The present work is concerned wlth the dev(\lopmcnt and 

organization of the B lymphocyte lineage at its sIte of origin, the bone marrow. 

1.1 Lymphocytes bearing surface immunoglobulin 

Early radioautographic studies performC'd m guinea pigs showed that 

smalllymphocytes were being rapidly and continuously produccd in the bone 

marrow (Osmond and Everett, 1964). Most of the lymphocytes in bone marrow 

of both guinea pigs and rats were newly-formed cel1s (Osmond, 197~; Osmond 

and Everett, 1964; Osmond, 1967; Everett and rryler, 1961; Rosse, 1971) 

derived from proliferating precursors within the marrow (Osmond and 

Everrett, 1964; Osmond, Miller, and Yoshida, 1973; Osmond, HJ67; Ji~v('rrctt 

and Tyler, 1964; Harris and Kugler, 1964; Brahlm and Osmond, 1970; Yoshida 

and Osmond, 1971). Migration of sorne ofthese ecUs was demonstrated to occur 

from the bone marrow to the spleen and lymph nodes via the blond circulation 

(Brahim and Osmond, 1970) These early findmgs, were followed by the 

demonstration ofsmalllymphocytes bearing surface immunoglobulin rcccptors 
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In murine femoral bone marrow revealing them to be B lymphocytes (Osmond 

and Nassal, 1974) Collectively, the foregoing studies showed post natal 

mammalian bonc marrow to he the primary site of B lymphocyte production. 

IL was later demonstrated that the B lymphocytes newly generated in the bone 

marrow show a progressive maturation of surface immunoglobulin M (sIgM) 

and other B lineage associated surface molecules with time (Osmond 1975, 

1980). 

1.2 B lymphocytes express immunoglobulin p heavy chain 

A characterization of B lineage precursor cells ensued. Progenitors 

immediately preceding newly formed sIgM+ B lymphocytes, termed pre-B cells, 

could be defined by the presence of free cytoplasmic J.l Ig heavy chains (CJ.l) in 

the absence of surface J.l chains (SJ.l) (Cooper, 1981). Combined mitotic arrest 

and immunofluorescence labeling techniques revealed the population size and 

kinetic:s of CJ.l+SJ.l" pre-B cells. These cells feIl into two categories, large dividing, 

and small-nondividing (Landreth et al. 1981; Opstelten and Osmond 1983). 

75% of the pre-B ceUs in mouse bone marrow are small CJ.l+SJ.l· post mitotic pre

E cells that mature into sIgM+ cells without further division. 

1.3 B220: a B celllineage associated surface glycoprotein 

Another marker used to categorize B lineage suhpopulations was the B 

lineage associated surface membrane glycoprotein B220 (220 KD) (Coffman and 
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Weissman, 1981; Coffman 1983) detected by several monoclonal antibodies 

(mAb), including the mAb 148 developed by Kincade et aUKincade et aL. 

1981). The mAb 14.8 binds to B220 on the surface of aIl mature SJ.l· B 

lymphocytes, and cJl+sJ.f pre-B cells. Howevlf, the total number of B22o+ cells 

in mou se bone marrow is greater than that of those bt>anng p chains (C).l+SJ.l) 

(Landreth et aL, 1983 ). Removal of B220+ cells from In vitro cultures of bone 

marrow prevents the production of pre-B and B cells (Kmcade and Phillips, 

1985; Kincade,1981). These findings strongly suggcstcd that B ccll prccursors 

begin ta express B220 glycoprotein prior to expressing Jl chains. 

1.4 TdT: an intranuclear enzyme iDvolved in B cell diversity 

A third marker used in establishing the suhsets of B cel1s has heen 

terminal deoxynucleotidyl transferase (TdT). This intranuc1ear enzyme is 

involved in generating immunological diversity by inserting additional short 

nucleotide segments (N regions) at VJ and DJ gene segment junctlOns during 

Ig heavy chain gene rearrangements (DeciderlO ct al., UJ84, Kunkel et al 

1986). TdT is not expressed, however, riuring rearrangemcnts of tht> Ig light 

chain coding gene (Tillinghost et al. 1989) Using douhle immunofluorescence 

techniques with the 14.8 mAb and anti-TdT antlhodICS, thrce dIstinct 

populations of p' cells were found (Park and Osmond HJR7)' Td'I'+B~2(r, 

TdT+B220+, TdTB220+. The kinetic data of these populatIOns along with 

previous evidence that B220 is expressed before Jl, suggcsts thCHC thrcc 
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populations ta be early B cell progenitors (pro-B ceUs) preeeding the pre·B eell 

stage (Park and Osmond, 1987). 

1.5 A working model for B cell development 

Using these cytological méJrkers, S1. B eeU subpopulations have been 

defined. The first three precede ).l chain expression: 1) early pro-B ceUs, 

TdT+B22()"; 2) intermediate pro-B cells, TdT+B220+; 3) late pro-B ceUs, TdT" 

B220+. The three subsequent populations progressively express IgM 

components: 4) large mitotic pre-B ceUs, CJ.l+S).l-; 5) small post-mitotic (Go), pre

B celIs, CJ.l+SJ.l\ 6) mature slgM+ cells. The sequential stages of these 

populations are represented as a working scheme of B ceU development in 

Fig.l. The precursor product relationship between the pre-B and B cell 

populations has been verified (Kincade, 1987; Osmond and Opstelten, 1983). 

Also, following sublethal y-irradiation, the waves of precursor B cell 

regeneration pass through the six phenotypic compartments in accordance with 

the sequence proposed in the model (Park and Osmond, 1989). 

1.6 B lymphocyte population dynamics 

With the workmg model of B celI development as a base, the population 

dynamics ofB cclI precursors have been studied using mitotic arrest techniques 

combined wIth double immunofluorescence labeling (Opsteltf'n and Osmond, 

1983; Park and Osmond, 1987; Park and Osmond, 1989). Data concerning 
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frequency, cell size and proliferation are detmlcd in a comprehen::;ive rcview by 

Osmond (Osmond, 1990). Three main stages appenr to he invohcd 1I\ pn'CUnH1r 

B cell dynam1cs. The first 18 that of a clonaI cxpanSlOn The dOIH' SlZl' of B l'l'Ils 

with any given Ig heavy chain speclficlty 1S dl'tl'rmmcd by tlH' numlwr of 

mitoses occuring between the start of J.l hl'UVY chain genl' fl'arrangl'Ilwnt and 

sIgM expression. It was found that a rmnimllm of l mltoLÏc eych' occurs aL l'adl 

pro-B ceU stage with a hightened productIOn rate and pnpulatlOn siZt' al, the 

late pro-B eell stage followed by another roitotic dlVISl<m at t.he ql\;p <large 

pre-B eell) stage. B cell clones of a specifie J.l chain sequence can Dl' l,::.,t.imated 

to total 64 celIs or more (Park and Osmond, 19H9\ However, subsequ('lü LU thiH 

substantial clonaI expansion of B celIs, kmetic data have !n(bcal<'d an 

important ce1l1oss (75%) at the pre-B cdI stage, the turnoVl'r of' SIl1:lll pre-B 

cells being only a fraction of the predicted exit of cells from the large pre- 13 ccli 

compartment (Opstelten and Osmond, 19Ra). In view of the lack of pre-B ('eIlH 

outside the bone marrow in mice, the finding~ Ruggest that an actual œil lORS 

occurs in the maITOW itself: this is the second stage of B cell dynarmcs '('his 

cell deletion is probably the rosult of non-functIOnal rearr angem(~nts of t.he J.l 

heavy chain codmg genc. With a very hlgh frC'quency of somaLic pOInt 

mutations, errors In recombonation of gcne segments, and the ITlSl'rtÎon of 

llucleotide sequences by TdT, lead to a hlgh inclC}encp of gellPL!c errors, which 

may le ad to cel] death (Tonegawa, 198:3). The thlrd stage of H c('l1 populatIOn 

dynamics is the clonaI expanSlOn of B cell precursors thut ceuses dunng light 
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chain rearrangement, before sIgM is expressed. 

1. 7 The microenvironmental org&nization of murine bone marrow 

A series of studjes have Identified sIgM+ cells and B220· cells, in intact 

marrow, ln situ. These studies have provided mSlght into B ceU expansion and 

selection!1c:is by showing the localizatlOn and distrIbution of precursor B cells 

as well as their intercellular associations. 

The development of the B cell lineage and other hemopoietic cell 

lineages, is intimately related to the marrow structure. The architecture of the 

bone marrow has been reviewed by Lichtman (Lichtman, 1981). The mid

diaphysis of the femur is usually chosen for the examination of bone marrow 

due tu lts lack of complex trabeculae. The surrounding cortical bone is circular 

In shape and the blood circulatIOn reveals a symmetrical pattern ofvenous and 

arteriolar blood flow. AIl these factors facilitate the study of the intact bone 

marrow and of the hemopoietic Eneages that develop within. 

The bone marrow has a dual blood source: a} the nutrient artery, 

obliquely penetrating the cortIcal bone; b) cortical arteries, derived from 

muscles and other attachments leading into the hone. The nutrient artery gives 

rise to one or twü longitudmal arteries that branch out via radial arteries 

cxtcndmg tü penpheral bone. Here, they diminish in calibre and form a 

capillary plexus communiratmg with the cortical arteries and giving rise to 

venous smuses that converge towards a large central venous sinus which leads 
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to a nutrient vein, cxiting the marrow. In contrast to its rich blood supply and 

venous drainage, the bone marrow is devoid of lymphatlc vessels. The 

extravascular compartrnent betwecn the anastomosing venons SIIlUSl'S 18 the 

site of genesis of aIl hemopolCtic hneages, In post-natal mice. 

Another major component of bone marro\\ that. is locatl'd wlthin thl'se 

extravascular compartments conslsts of stromal cells Stromal eclls such as 

reticular cells and macrophages, arc orten assoclêltcd with lH'll1opoietlc cplls 

Stromal retlcular cells resemble one another morphologlcally, but dIfTer 

on the basis of histological location, blOchemical propertws, and fundlOnal 

properties. They share the common characteristir OfRendIn~{ out long, extensive 

thin cytoplasmic processes that form an ultrastrucLural network or "retieulum". 

Adventitial re .icular ceUs are round on the ablumlTlal or advcntltwl surface of 

vascular sinuses. Their cytoplasmic processes form a sheath, partially 

enveloping the outer sinus wall (Lichtman, 19R 1). Peri-artenal advcntitial 

reticular cells are characterized by havmg a very thm laminated cytoplasm 

that concentrically surrou.nds bath nerves and arterioles (Yamazakl and Allen, 

1991). Parenchymal1'eticular cells, not associatcd with any vaseulaturc, have 

proces::,es extending throughout the parcnchyma, estabhshmg contact between 

themselves and with hemopOlctIc cells "Barner" cells have het'C1 defined as a 

fibroblastic, contractllc stromal rctIcular ccll (WeIss and Ccdul(lIg, 1 !)~)l) 'l'hey 

are usually found in restricted loci of trabecular bone, but can migrate away 

from these regi.ms during times of stress, such as irradiatIOn Th(~y are 
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multilaminar, branched and appear to envelop hemopoietic stem ceUs and 

cIusters of carly progcmtors. They also envelop blood vessels, threading their 

processes through the ve~sel wall possibly preventing the release of im:rr !"h" re 

ccl1s. 

The heterogeneity of these reticular stromaI ceUs is aIso reflected by the 

numerous st:-omal ccll lines that support the development of hemopoietic ceU 

Eneages in long term bone marrow cultures by secreting short range growth 

factors and by the expression of numerous cell-cell adhesion mole cules that 

associate early progenitor cells to stromal cells (Simmons et al., 1992). B cell 

development zn llltro has c1early been shown to be dependant on stromaI cells 

or on stromal cellimes wnich secret various growth factors, notably interleukin 

7 (Nishikawa et al , 1988, Nishlkawa, 1990; Imhof Hal, 1991). 

Macrophages, another stromal cell element, also play an important role 

both in the development and maintenance of hemopoietic celllineages. They 

are described as being actively phagocytic as weB as secretory (Weiss, 1983). 

They are large cells, extending complex cytoplasmic processes through the 

parenchyma. Thcir nucleus are often indented and the :::ytoplasm contains 

ahundant endocytlc vacuoles, lysosomes, and phagolysosomes. Many 

mltochondria arc also present. Macrophages are responsible for recognizing and 

disposing paniculate matter such as silIca, carbon and asbestos, pathogenic 

microrganisms coatcd with serum proteins and bacteria. The importance of 

their role as secretory cells is demonstrated by the wide range of molecu les 
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they synthesize and secrete, i.e., enzymes, complement proteins, intcrfcrons. 

and many growth factors (Weiss, 1983). 

The bone marrow is weIl supplied by nerve fibers. Early studies 

(Yamazaki and Allen, 1991) have revealed that: 1) the bone mar.ow 18 

innervated by both myelinated and non-myelinated nerve fibers; 2) 111 general, 

nerves in the bone marrow are distributed wlth the blood vessels; ~3) sorne 

fibers stray away from the vessels and branch intù the parenchyma; 4) must of 

the afferent fibers are myelinated and the sympathetlc eflerent fibres are 

unmyelinated; 5) there is a Iack of concrete evidence conccrning dIrect 

innervation ofparenchymal cens. Recent work (Yamazaln and Allen, ID90) has 

demonstrated the eXIstence of a "neuro-reticular compIex" in whieh et'ferent 

(autonomic) nerve terminaIs are connected via gap Junctions to stromal 

reticular cells. They also suggest this complex to be involved in the function of 

the hemopoietic microenvironment, the blood-marrow barri~r and transport or 

sorting of hemopoietic cells in the marrow. Goetzl and Sreedharan (Goetzl and 

Sreedharan, 1992) reviewed the communication between the neuroendocrme 

and immune systems; they describe PidirectlOnal Interactions between the two 

sytems that influence physiological activitlCs such as tIssue location of 

lymphocytes, antibody responses, and neural signal transmission. 

9 



1.8 The detection and visualization of B lymphocytes 

B lymphocytes develop Ln vwo withm the intricate marrow environment 

and recent studies have revealed associations with other cells that are 

influen(-.Ïal for thelr proper development. The technique ofradioautography has 

permitted the labeling and detection of eeU types using specific markers 

eonjugated wlth radioisotopes, while electron microscopy has been used to 

vlsualize intact maiTOW at high magnification wlth high resolution. 

The earliest LM radioautographic study performed on bone marrow 

lymphocytes was by Osmond and Everett (Osmond and Everett, 1964) showing 

that smalI lymphûcytes were rapidly produced in the bone marrow. Their 

approach was to use :lH thymidine, which would be incorperated into DNA

synthesismg celIs and thus could be traced through suc(!essive eeIl divisions. 

More specific B cell labeling was later achieved usmg rabbit anti-mouse 

immunoglobulin conjugated to the radioisotype 1251 (Osmond and Nossal, 1974). 

Electron microscope radioautographic studies followed, using in vivo adminis

tration of 12"1 antl-IgM Ab (Osmonà and Batten, 1984). These studies showed, 

for the tirst time, the 1Il Sltu localization of clearly labeled slgM+ B lymphocytes 

in intact bone marrow They found that slgM+ lymphocytes were located 

throughout the C'xtravascular space of the marrow, either singly or in groups 

and that sorne regional concentrations were apparent. This work opened the 

door to the study of ln [/11'0 B cell localization and B ceU genesis with regard 

to the marrow microenvlronment. 

10 



1.9 Working model orB lymphocyte organization in the bont.> marrow 

Studies by Jacobsen and Osmund (1990) have rcsult('d in a working 

model of the mlcroenvironmental orgamzation of pnmary R cell g(\I1l'SIS. Thclr 

work involved the detectlOn B cells beanng the il lineage assocwu\d markl'r, 

B220 glycoprotein, by the ln vwo admmistratlOn of 1"2['I-mAb 14.R, follow(\d by 

intracardiac \vdshout perfusion and fixatIOn, and SII1CC 13220 IR CXpf(\sscd l'rom 

the intermedlaLe pro-B cell stage onward, a wide range of pf('eunwr B 

lymphocytes could thus be localized in sltu. 1'hree major componcnts of the 

working model are as follows: 1) there is a centrally directed sequC'lce of diff'c

rentiation initiated by early B cell precursors, many of which appear to be 

situated in peripheral marrow adjaCfmt to the cortIcal bone, 2) therc are close 

associations between proliferating precursor il celIs and stromal reLIcular cclb,; 

3) macrophages are involved in the deletion of ineffectIvc precursor B celIs. 

These findmgs and proposaIs are the basis of the present work 

1.10 rums 

The present project has aimed to test and to contibute furthcr to thc 

model of the microenvironmental organization of carly progenltor B cells ln the 

bone marrow, especlaLy by examming selectIvely the early B:l:lo+ stages of 

precursor B cell development, in situ. This aim was approachrd hy the use of 

three unique murine models, 0) the SeID (severe combmcd immunodeficiency 

disease) mouse, a mutant murine model, (2) the SCIDIMyc mouse, a tram;gcnic 
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murine model, (3) endocolonization of irradiated bone marrow by stem cells, 

using the method of alternate fraction x-irradiation. AlI three models will have 

examined early B ccll progenitor localization and intercellular associations, in 

situ, in the femoral bone marrow. 

1.11 The SeID mouse 

1.11.1 The SelD dc\fect 

A severe comblned immunodeficiency mutation (SeID) was first 

describcd in the mouse by BOR ma et al.(1983). Mice homozygous for this 

autosomal recessive mutation lack pre-B ceUs, mature B cells and T ceUs. SCID 

mice thus have no humoral or celI mediated immunity. However, myeloid 

difTerentiation and function are not affected by the SeID mutation and bone 

marrow is not impaired: it can support the development of transplanted bone 

marrow cells from normal mice, leading to the production of Band T 

lymphocytes. 

The SelD mutation ~s associated with a defective l"ecombinase system 

that leads to the improper cutting and rejoining of gene segments coding for Ig 

heavy chains. There are three 19 gene cading segments, V, D, J: in normal mice 

the D-J segments are combirwd first, followed by the joining of the V segment 

(Gellert et al , 1988) However, In the SeID mutant mouse, D and J segments 

are improperly Jomed leading to a deletion in the J gene segment. This, in turn, 

interferes with V-DJ Joining and results in a failure to express the J.1 heavy 
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chain (Sakana and Okazak 1988; Gellert 88; Malynn et aL, 19R~). There lS also 

a basic defect in a DNA repair genet leadlllg ta an inabllity to repmr double 

strand DNA breaks (Fulap and PhIlhps, 1990; Phllltps and Rpaner, 199 1) ThiR 

is reflected by the increased sensitlvlty of the SCID m()U~l' to IOI1lzing 

radiation. Since gene rearrang(>ment seems to lIlvolve double sLranrl breakmg, 

the inability ofSCID mice ta repair double strand breaks ln DNA 1S conslstl'nt 

with their inability ta produce functional Ig and '1' cell rl'cepton; (Brown, 1 nn 1) 

1.11.2 The use of the SCID model in research 

Because of the absence of an immune response, the SelO mouse haH 

been widely used for the study of various aspectH of the Immune syHtcm, 

lymphoid differentiation and function (McCune, 1991 ), grafl Vl'rSlIS hosL (hseasl' 

(Phillips and Spaner, 1991), and lymphomagenesis (PurtIlo and Bf'lsel, 1D91). 

In other applications, SCID mice have been reconstltuted w1th hurnan Immune 

or h~mopoietic elements creating a SCID-hurnan model (hu-SeIn) (McCune ct 

a1.,1991) permitting the in VLVO study of hurnan Immune functlOn, AIDS and 

lymphoproliferative disorders (Torbett, 1991, ,LM McCune et al, lH!)}, Smith 

et at, 1991). 

The SCID mouse provides a convemant and unique model for the Ln /JUIO 

study of early B cell progenitors (pro-B cells) up to the difTercntwtlOfl stage at 

which aberrant pre B cells wlth defective Ig gene rearrangernent:-i are dcleted. 
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1.11.3 Use of the SCID model in the present project: aims 

ln this present work, SelD mice have been used to examine selectively 

the mic,!"/lenvlronmental locahzatIOn and cellular interrelationships of prù-B 

cells in the SCID mou se hone marrow, and the nature of B ceU deletion 

mechanisms. The lack of pre-Band B ceUs in the SCID mouse bone marrow 

allows for the precise identIfication of pro-B cells and their associations by 

labeling cclI surface B220 ln sItu. The method used to detect pro-B cells has 

combined the techniques of ln vivo radiolabeling and radioautography: 1251 

conjugated mAb 148, binding specifically to the B cell lineage associated 

glycoprotein, B220 (Kmcade et a1., 1989) has been administered intravenously 

followed by mtracardiac washout/fixation perfusion, and the examination of 

femoral bone marrow sections by light and electron microscope 

radioautography. 

1.12 The SeID/mye transgenie mou se 

1.12.1 Nature of the SelD/myc mouse 

The SCID/mye mouse, only few of which have been produced, was 

obtained through crossbreedmg the SeID mouse with the EJ..1-myc mouse. The 

EJ..1 mye 18 a tram:geme mou se ln wh1eh the c-mye proto-oneogene, involved in 

cclI prolifl'ration lCory, 1986), 1S coupled to the lymphoid specifie IgH enhancer 

gen e (r~J..1) thus rendenng myc expreSSIOn constitutlve m the B eeU lineage 

(Langdon et al , 1986, Harris and Adams 1988). This results in an ab normal 
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• but non-malignant expansion of precursor B cell populations, eventually 

leading to lymphomagenesis. The condition of the Ep-myc mouse provides new 

opportunities to examine the prelymphomatous state of a differentiating B cell 

population under the influence of constitutive c-myc expression (Langdon et al., 

1986). Recent work (Kim and Osmond, unpublished) has shown that the 

SCID/myc mou se, like the SCID mouse, stilliacks pre-B and B cel1s and its B 

celllineage is therefore limited to the pro-B eelI population. Compared with the 

SCID mouse, however, the early pro-B cell population is expanded and the late 

pro-B cell stage is deereased. Thus the proliferation of pro-B ceUs appears to 

be enhanced by the myc transgene during the stage of 11 heavy chain gene 

rearrangement, but the pro-B cells abort at an earlier stage than in SelD mlce. 

1.12.2 The use of the SC ID/mye model in the present project: aims 

The present study has examined the possible effects of constitutive myc 

expression on the mieroenvironmental localization and mtercellular 

relationships of pro-B cells in SeID/mye bone marrow. Interrncdiate and lute 

pro-B cells bearing the B220 glycoprotein have been labelcd by the i v. 

administration of 12!iI mAb 14.8 followed by intracardi:ic perfusion/ fixation and 

radioautography. 
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1.13 The model of alternate fraction irradiation: endocoloruzation 

1.13.1 HemopOletic colony formation 

Hemopoietic colony formation in the bone marrow has been extensively 

researched in the past four decades. Early studies on the radioprotective effects 

of bone marrow transplantation (Lorenz et aL, 1951; Congdon et aL 1952) and 

the clonaI proliferation of the transplanted cells, led to the development of 

colony forming assays for hemopoietic stem cells. (Till and McColluch, 1961; 

Pluznik and Sacks, 1966). Post-irradiation-regeneration studies (Curry et al., 

1967; Wolf and Trentin, 1968), have shown the production of hemopoietic 

colonies in irradiated bone marrow and spleen supplied by stem cells either via 

donor bone marrow transplantation (exocolonization) or from an autologuous 

site that had been shielded during irradiation (endocolonization), An important 

characteristic of the regenerating colonies was that for approximately 9 days 

post-irradiation, marrow colonies differentiated along single hemopoietic eeU 

lineages until 10-12 days post-irradiation, where there was a phase of mixed 

or multilineage colony differentiation (Congdon et aL, 1952; Wolf and Trentin, 

1968; Cline et al., 1977; Curry and Trentin, 1967). 

1.13.2 HemopOletic colony formation by alternate fraction irradiation 

In vivo hemopoietic colony formation has permitted the study of early 

events (Jfhemopoiesis, including the interactions ofhemopoietie ceUs with their 

surrounding stromal mieroenvironment. In an extensive study on the 
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• organization and regeneration of bone marrow hemopoietic cell-stromal cell 

interactions, Lambertsen and Weiss (1983) used the method of alternatc 

fraction x-ray irradiation, which eonsists of shielding one 11mb of the animal 

while irradiating the rest of its body, followed, arter a time interval to allow 

migration of stem eeUs, by irradiating the initially shielded limb alone. Their 

methods of examination were based purely on morphology, without the use of 

cytological markers. Therefore, the analysis ofregenerating eells did not permit 

the detection ofB eelI colonies. A group ofrepopulating cells has been deseribcd 

as being of undifferentiated morphology, ranging in appearance from small 

lymphocytes to blast forms, many of which were dividing (Lambertsen and 

Weiss, 1983), however, the possible lvmphoid identity of these eeUs has not 

been examined. 

1.13.3 Endocolonization in the present project: aims 

In the present work, the method of alternate fraction x-ray irradiation, 

has been used used to crea te a state of hemopoietic endocolonization, in order 

to study the earliest stages of B22o+ cell development from immigrant 

primitive precursor eeUs. l:.!!iI_mAb 14.8 was admlnIstcred ln /Jwo to identify 

early B lineage cells as they differentiate to and beyond the mtermediate pro-B 

ceU stage in the bone marrow. The work aims to cxamlI1e the lime of 

appearance ofthese eells, their localization and cellular II1tcractlOns, to provide 

information on the migration, homing and developmcnt of mobile B lineage 
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precursor cells. This is relevant both in ontogeny, when B cell genesis transi ers 

from liver and spleen to the bone marrow (Osmond and Owen, 1984; Landreth 

et aL, 1983; Owen et aL, 1977; Cooper et aL, 1983) and after bone rnarrow 

transplantation initiating the lengthy period of B cell reconstitution until 

humoral immunity is eventually restored. 
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• 2. MATERIALS AND METHODS 

2.1 Animais 

Mice with the mutation SCID (severe combincd immunodcficient discase) 

originally arose from the C.B-17 inbred strain [BALB/c.C57BIJKa-Igh-l"/ICR 

(N17F34)] (Bosma et al., 1983). Five weck oid male C B-l7 ReID mll'e and 

normal C.B-17 counterparts were provided by Dr. RA. Philips (Ontario Cancer 

Institute, Toronto). The mice were maintained under constant specifie pathogcn

free (SPF) conditions being housed in sterile microisolator cages, in which sterile 

food and water were provided. 

Male, 5 week old SC ID/mye transgenic mice wcre obtained from Dr. 

Sidman (Jackson Laboratories, Bar Harbour, Maine). 

Male, 5 week old Balb/c mice, were purchased fr"m Char h::s Riverc 

Laboratories (Ontario). 

2.2 Antibodies 

Rat monoclonal antibody, mAb 14.8 (Coffman and Weissman 19H1), 

directed against the B eeU lineage glycoprotcin B220, was affinity column

purified from supernatant nuid from culture hybridoma cells (A'rrC) and dlluLed 

1:150 in phosphatc-buffered sahnc (PBS), pH 7.2. FluorescclI1 isothlOcynate 

(FITC)-conjugated goat anti-rat IgG (Kirkegaard & Perry Laboratorics, 

Gaithersburg, MD) was diluted 1:]5 in PBS pH 7.2, and uscd as a sccondary 
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antlhody after cell surface binding of mAb 14.8. Rùbbit anti-terminal 

deoxynucleotidyl transferase (anti-TdT) Œupertechs Inc., Bethesda, MD) was 

used at l.~O dilutIOn and detected with rhodamme Isothiocyanate (TRITC)

conjugatcd goat anti-rabhit IgG F(ab')2 (1 :20 dilution; Jackson Immunoresearch 

Lahoratones Inc, Mif,sissauga Ontario). TRITC- and FfTC-conjugated affinity

purified goat antIhodics to mousc Ig hcavy chain constant regions (J.l crlains) 

(SouLhern BlOtcchnology Assocmted Inc., Birmingham, AL, Kirkegaard & Perry 

Laboratories, nalthersburg, MD) were diluted 1'30 and 1:10 respectively III PBS, 

pH 7.2. Aggrcgates from aIl antibodies were removed prior to use by 

uItracentnfugatlOn far :30 mm at 120 000 x g (Beckman Instruments, Palo Alto, 

CA). 

2.3 Metaphase arrest 

Vincristmc sulphate (Sigma Chemical Co., St. Louis, MO) was 

administcrcd tn the mice intrapentoncally at a dose orO.1 mllKg per body weight 

to block cclls In metaphase, by dlssocmting cytoplasmlc microtubules (Wright and 

Appleton, H>RO). After a 2h1' 40 min mterval, which represents the mid-point of 

thc IIrH'ar curvc ofmcrease ln mltotlc cells, the bone marrow celIs were sampled. 

2.4 Bone marrow and spleen suspensions 

Mice were kIlled by cervIcal dislocation. Left and right femurs were 

removcd and bone marrow ceUs were flushed out from the femoral shafts with 
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1 ml of cold Eagles' minimal essential medium (MEM), pH 7.2, contamlng 10% 

(vol/voD newborn calf serum (MEMlNCS, Gibco Laboratorics) which was 

centrifuged (lO min, 250 x g, 10°C) to removc uny aggregatps and dcbris The 

ceUs were resuspended thoroughly and were underlayed with l ml of NeS for [) 

min, removing large partic1es by sedimentation. The ccll suspeIlsüm was 

centrifuged through 1 ml of NC;S (l0 mIn, 250xg, 10°C) and the rcmaining pellet 

resuspended in 1 ml MEMINCS. After lysing red blood cells uSlng "zapoglohin", 

the nuc1eated eells in suspension were counted with an elel'trOIlll' partll'le ('ounter 

(Model Z, Coulter Electronics, Hialeah, Fl). Spleens were dis~i(\cted and were 

gently t:;Tound through a fine mesh sereen with MEM/NCS, and the hurvested 

ceUs were then prepared and counted as prevlOusly described. 

2.5 Double immunofluorescence labeling 

2.5.1 B220 glycoprotein and u chains 

Detection of the surface membrane glycoprotein B220 was achicvcd by 

incubating 100 p] of bone marrow cells (4 x 107 nuc1eated eells/m}) wlth 100 JlI 

of mAb 14.8 (Park and Osmond, 1987). The cells were w<u;hed twice hy 

centrifugation (lOOC, 10 min, 250xg) through NeS, incubaLed wlth FI'('C

conjugated goat antI-rat IgG (30 min, 4Ü C), washed twice through NeS, and 

resuspended in 25 ml of 0.15 M NaeI, with 27 mM dlSod11lm EDTA (FIscher 

Scientifie Co., Fairlawn, NJ) and bovine serum alhumlll (BSA; Gibco 

Laboratories), 5% (wtJvol). Samples of 4 x 101i cells were cytocentnfuged (7000 
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rprn, 5 min) creating a deposit (cytospot) on glass slides previously coated by 

centrifugation of 100).l1 PRSIBSA 3% (wt/vol) (9000 rpm, 7 min). The slides were 

rapidly air-dned to preserve morphology, fixed in pre-cooled (4°C) 5% (vol/vol) 

glacial acetIc acid in absoloute ethanol for 12 min on ice, and then washed four 

times in PBS. Excess PBS was wiped off the slide, leaving only the area of the 

cytospot, each of whieh was incubated with 30 pl of anti-).l-TRITC for 30 min in 

a humidified chamber, washed four times and immersed overnight in PBS at 4°C. 

2.5.2 Surface and cytoplasmic u chains 

Bone marrow eeU suspensions were incubated with anti-p-PITC (30 min, 

4°) to label surface ).l heavy chains (sp) of immunoglobulin (Opstelten and 

Osmond, 1983), then washed, cytocentrifuged and fixed as described above. 

Labeling of cytoplasmlc ).l chains was carried out by incubation of each cytospot 

with 30 ].lI of anti-)J-TRITC. 

2.5.3 B220 glycoprotein and TdT 

After surface labeling with mAb 14.8 (see above), bone marrow ceUs were 

cytocentrifuged, fixed with absolute methano', for 20 min on ice and gradually 

rehydrated by first washing with 50% (vol/vol) CH30HIPBS (3-5 min) and then 

with IODe;;(, Pl3S (3-5 min). After washlng four more times at Ir min Intervals 

with Pl3S, e<lch cytospot was exposed to 30 )JI normal goat fierum (NGS) for 30 

min to block any nonspecific binding sites for the goat anti-rabbit antibody, 
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incubated overnight with rabbit anti-TdT (12hr, room temperature) and then 

exposed to TRITC-conjugated goat anti-rabbit IgG F(ah')2 for 30 mIn (Park and 

Osmond, 1989). Slide preperations were mllunted In 90S'c> (voVvol) glycerol in PBS, 

pH 8.0, contaming 0.1% (wtJvol) p-phenylenedmmll1c to reduc(.' fading of the 

fluorescein during microscopy. An epinuorcscence microscope (Carl ZeIss of 

Canada Ltd., Don Mills, Ontario), equipped with a HBO 50 mercllry lamp, phase 

contrast optics, and an x100 oil immersion phase contrast ùbjective was used for 

analysis. 

2.5.4 Double immunofluorescence analysis 

Individual marrow and spleen cell preparations were scored for (a) si ngle 

labeling with either FITC alone (B220, sp) or TRITC alone (cp, TdT) or (h) douhle 

labeling with FITC plus TRITC (B220+cp+, Sll+CP+' TdT+B22(V). Ii'luorescing cells 

were examined by phase-contrast to detect cells arrested in metaphase. The 

incidence ofTdT+B220', TdT+B220' and B220+11' pro-B celIs, CP+SI.f pr<~-B ccII::,;, and 

sp+B cells were obtained by examimng at least 3000 nucleated ccll~. The countH 

inc1uded at least 100 cells of each phenotype. The proportion of pro-B cclI and 

pre-B celI populations that were in metaphase was determmed hy counting :3000 

nuc1eated cells. The absolute number of B lineage eells in the hone marrow was 

calculated from their incidence and the total bone marrow cellulanty. 
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2.6 Radioiodination of antibodies 

Aliquots of 130-140 pg of antibody were coupled to carrier-free Na 1251 

(2mCi = 74MBq, specIfie activity 1.5 x 107).1Cilpg) by a modified chloramine T 

technique: 10~.1l of Na 12';1 followed by 10pl of chloramine T (0.4% in ddH2ü) were 

added to the aliquot of the antibody in question. This creates a reaction mixture 

in which the chloramme T promotes the bmding ofiodine to the tyTosine residues 

of the protem. After a 10 min incubation period at 4°C, 10).11 of Na-metabisulfate 

(0.96% ln ddH./) W(lS added to the mixture, reducing any unbound chloramine 

T, and thus arresting the binding reaction between the protein and the iodine. 

The excess of chloramine T was taken up by the addition of 80).11 of KI (:).2 

molar). The lOdinated antibodies were then transferred to a Sephadex G25 

column. The column seperates by particle size: beads in the column create pores 

that entrap any unbound 12:;1, allowing the passage of the larger 125I-conjugated 

antibody molecules. Twenty consecutive fractions of 1 min each, were collected 

once the flow through the column had begun. N ext, 5pI samples of each fraction 

were measured for radlOactivity (counts per minute or cpm) using a gamma 

counter (Gamma 4000, Beckman 1nstr, Fullerton, Ca.). The 125I-conjugated 

antibody was recovered primanly in the earlier fractions (e g 4th-5th fraction), 

whereas the unbollnd lOdine molecules appeared in the subsequent fractions (e.g. 

14th-16th fractIOns). The bound antibody fractions were poole d, stored within 

lead containers, and used for in vivo labeling techniques. 
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2.7 In vivo labeling of B lineage cells in the bone marrow 

Mice were anesthetized with an I.P. injection of chloral hydrate (1.6'7(' ln 

0.9% sterile N aCI; O.75ml/2Gg of body weighO, and then were IInmohilizl'd, 

extended on their backs, on an absorbant platform An ll1CIS;On \Vas made tn 

reveal the subcutaneous structures of the neck and shoulder reglOlls Connedlve 

tissue and fascia were carefully teased away tü expose the let't external jugular 

vein. The vein was constantly kept moist with Ringer's solutIOn lo prevent 

desiccation and rupture of the vessel. A 28 gauge insulin syringe was loaded \Vith 

100).11 of the 125I_mAb 14.8, which was then injected into the externalJugular velll. 

A transient clearing of the vein was indIcative of a successful 1I1ject.lOn of the 

antibody into the circulation. The anttbodies were permitted to circulate t'or :J 

min, a sufficient period of time for the antibody tü penetrat.e the bone marrow 

(Osmond and Batten, 1984). An incisIOn was then made through the skin and 

peritoneum, exposing the diaphragm. At the 3 mm time interval, the diaphragm 

was incisecl and the ribcage was severed along each sicle and then 1 i t'ted u p tn 

reveal the heart. The t.ip ofa 30 gauge butterfly infusion nccdle was Inserted Intel 

the lumen of the left ventric1e, introducing a flow of cold ladaLed Hmger'H 

solution (4°C) into the arterial CIrculation. ThIS was deIJvered aL a rate of :~ 

ml/min, for ten min, using a syringe pump (model ~H)G, Sage Instruments, WhIte 

Plains, NY.). The wall of the right atrIum was sbt as soon as the perfusIOn hegan, 

allowing the escape of perfusate and consequently washIng out blood and 

unbound 125I_mAb 14.8 from thg circulatIOn. Perfusion with fixatIve (~.G(jt or G(~; 
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gluteraldehyde iJ'l cacodylate buffer, pH 7.4) was then carried out, at a flow rate 

of 3 ml/min for ten min. 

2.8 Tissue processing and radioautography 

Femurs and spleens from the perfused mice were removed and immersed 

in the fixative (2.5-5% gluteraldehyde in cacodylate buffer). After three hours, the 

spleens were washed (lx5 min) in a cacodylate washing buffer, and were post

fixed in KFeCn-reduced OS04 0%) for 3 hours at 4°C. The femurs remained in 

the fixatIve overnight, and then were decalcified in EDTA (82.6% EDTA, 6% 

NaOH, pH 7.4) for 5 days and post-fixed, as above, for 4 hours. The post-fixed 

tissues were dehydrated in ascending concentrations of acetone (2x10min for 

30%, 50%, 70%, 80%, and 95% acetone; 2x30 min for 100% acetone), followed by 

increasing concentrations ofEpon in acetone (1:1 for 4 hours, 2:1, 3:1 overnight 

and pure Epon for 6 hours). They werr then flat embedded in pure Epon and 

hardened for 60 hours at 60°C. The solid blocks were transversely cut across the 

mid-diaphysis of the femur, exposing the bone marrow. Using glass knives and 

a microtone, thick sectIOns (lpm) were cut for light microscopic (LM) 

radioautography and placed on specimen slides. Thpse were then put on a hot 

plate at a temperature of 80°C The tissues on the slides were initially covered 

with iron alum for 5 mIn each The stain was then removed and the slides were 

washed in three successive baths of distilled water. The slides were replaced on 

the hot plate, stained with iron hematoxylin for 5 min and washed as above. The 
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slides were flooded with tap water, rinsed in distillcd water and allowed to dry 

before radioautographic processing. Thin sections (75-90nm) were eut for eh,ctron 

microscopie (EM) radioautography using a dwmond kIllfe and an ultnitome, and 

were positioned on celloidin-coated slides which were then carbon ('onU\ri. St.ainN! 

LM and unstained EM preperations were processed for radioHutography (liAG L 

LM slides were dipped in Kodak NTB2 emulsion and were cxpos(\cl for pl'riods 

of 1, 2, and 3 weeks prior to development. EM shdes were dlpped into Ilford lA 

emulsion, exposed for 8-12 weeks, and developed usmg filanH'ntous grain

developping techniques. After development, EM gnds were chpped in glacml 

acetic acid to remove the coat of celloidin covering the tissue, at [) sec intervals 

until the multicolored celIoidin layer had disappeared. The grids were placprl on 

beads oflead citrate and uranyl acetate stam:3 for 5 mm and ~ mm, respcctlvely, 

and were thoroughly washed after each stain in distl11ed watcr. The I~M ~cctions 

were examined on a Philips 301 transmission electron microscope. 

2.9 Analysis of histological radioautograph~ 

Entire transverse sections of diaphyscal fcmoral marrow from the mlce 

were examined by light microscopy ln succcssive square ~02G).1m:l fields 

delineated byan ocular grid to quantltate radlOautographlc labcltng In(hees 

throughout the bone marrow Wlthm cëch field the total numhcr of nucleated 

cells (excluding megakaryocytE'S, endothelial ecUs, and adlpocyt.cs) and the 

number of grains over each celI were recorded Optimal gram densitws over 
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labeled cells with only minimal background over non-Iymphoid ceUs were 

obtained after 7 days of radioautographic exposure. The number of cells labeled 

at. various grain count thresholds was tabulated in E:ach field and plotted on 

histological maps of the marrow sections. For EM radioautography, numerous 

tissue sections from each femur were examined at radioautographic exposure 

times of ~-14 weeks. 

2.10 Alternate fraction whole body irradiation 

Groups of three mice were anesthetized (1.6% chloral hydratein 0.9% 

sterile Nael; 0.75m1J25g of body weight), restrained with adhesive tape on a 

movable platform. The right hind leg of each mouse was shielded by positioning 

the leg underneath an elevated lead shield (15 mm thick). The whole body, 

excluding the shielded leg, then received an 850 rad dose of x-ray irradiation 

(260 Kv, 8 mAmp, 70 rads/mm). A period of8-10 hours was allowed ta elapse for 

the migration of hemopoietic progenitar cells From the shielded bone marrow of 

the right leg to the irradiated parts of the body. The previously shielded leg was 

then irradiated at the same dose of x-rays, the remainder of the body beir.g 

protected by a 15mm thlck lead shield. At days 1, 2, 3, and 5 post-irradiation, 

three animaIs were killed A control animal which had received a single whole 

body dose of 850 rads without uny shielding was examined after 1 and 5 days. In 

vwo locahzation of B220+ ceUs in the bone marrow was carried out by iv 

administration of l:.!f'I-mAb 148 followed by intracardiac washout perfusion and 
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• fixation as described above. Left and right femurs were removed and processed 

histologically for LM and EM radioautographic examination. 
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3. RESULTS 

3.1 Precursor B cell populations in femoral bone marrow of 

seID mi ce 

A preliminary double immunofluorescence labeling analysis was 

performed in order to establish the incidence of B celllineage subpopulations of 

the SCID. Bone marrow cell suspensions from a 5 wk old SCID mouse revealed 

a pattern of early B220+ progenitor cells similar to that seen in 11-15 wk old 

SCID mice (Osmond et al., 1991), with the exception that the TdT+ cens were less 

frequent. In the 5 wk old SCID mouse, the incidences of the pro-B cell 

populations were: TdT+ cells, 1.3% (TdT+B220+, 0.68%; TdT+B220+, 0.64%); 

B220+]l- cells, 3.5% (B220+TdT, 2.86%). The incidence of Iate pro-B cells was 

rcduced to 8% of control values, while no pre-B cens and mature B lymphocytes 

wcre detected in the bon~ marrow and the spleen. The results indicate that B cell 

development in the young SCID mou se is limited to the pro-B cell progenitor 

stage, i.e. early pro-B cells, intermediate pro-B cells, and late pro-B cens. In 

contrast to normal mice, B220 labeling therefore reveals a narrow window of 

early dcvelopment in the B cell lineage consisting mainly of TdT+ B220+ pro-B 

cells. 
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3.2 The localization of early B cell precursors in the femoral 

bone marrow of sem mice 

The Ln situ binding of 12"I-mAb 14.8 to 8220+ cells after m l'WU 

administration, proved to be effective, as revealed by four representative 

radioautographic tissue sections from each ofthree different SeIn mouse femurs, 

analyzed by light and electron microscopy. 

A total of 60-86 (mean, 78) well labeled B220+ cells were detected III the 

individual marrow sectiuns, each or which containcd about 7000 nucleated cells 

(exc1uding megakaryocytes, adipocytes and endothelial cells). A cell was 

considered positively labeled when it had 10 or more overlying gralJ1H. rrhlS 

threshold was selected as c1early distinguishing speclfically labelc'd cells from 

background grains representing either unbound or nonspcctfically bound matenal 

or eminating from a neighbouring cell. At this thr!'shold, the total incidence of 

labeled cells per bone marrow section was 1.1% ± 0.2 (mean, ± standard 

deviation of four values). The incidence of B220+ cells derived l'rom 

immunofluorescence labeling oi bone marrow cell suspenSIOns was somewhat 

higher (3.5%). Therefore, the radioautographic threshold used in the study of 

bone marrow sections restricted observatIOns to the most highly laheled 13220+ 

cells. 

Histological mapping of labeled cells, under LM, revealcd that the 13220+ 

cells were widely distributed throughout four representative hone marfOW 

sections (fig.2). The histological maps were divided into three annuJar zones, 
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peripheral, interrnediate, and central, each one containing an equal nurnber of 

nuc1eated cells. Dlstributing the observed nurnber of labeled B220+ cells 

throughout thp. entlre section by a random nurnbering procedure resulted in 34%, 

33%, and 32% of the randornly generated cells being assigned ta the peripheral, 

intermediate and central zones, respectively (not shown). 

The peripheral zone of the marrow contained many of the labeled early B 

cell precursors, sorne of which were located in the subendosteal layer of the 

cortical bone (fig.3-5). They were seen in patchy clusters of up to three labeled 

cells in indlVidual microscopie fields (2025 )lm2
) (fig.3). The single outerrnost 

fields lying irnmediately adjacent to the endosteum around a complete section of 

femoral marrow eontained 44% of the total number of B220+ cells in the section, 

compared to the value of 34% expected by random distibution. 

Moving 'Lowards the centre of the marrow sections, the labeled B220+ cells 

became more dispersed (fig.2). The intermediate zone of the rnarrow contained 

30% of the labeled cells compared to the value of 33% obtained by random 

distribution, conslderably less than that of the periphery. The innermost fields 

adjacent to and surrounding the central sinus contained 26% of the labeled cells 

as individually seattered eells, below the value of 32%, obtained by the random 

distribution procedure. lndividual central fields contamed no more than 1 B220+ 

cell each. 

The majority of B220+ ~ells were located within the extravascular 

compartment. However, in intermediate and central zones, sorne positive cells 
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were closely adjacent to endothelium of venous sinusoids, inc1uding the central 

venous sinus. At times they were seen in direct contact \Vith the cndothelial ct'lls 

making up the sinus walls. In additIOn, of the 3111abeled cells that \Vere mapPl'd 

by L.M., 3 heavily labeled cells were clearly located wlthm the lumen of gmall 

venous sinusoids (fig.6, 7). 

In a11 the femur sections, adipocytes were prominent in peripheral zones 

of the marrow. About 30 of these fat ceUs were present per section. B220" celh~ 

were often adjacent to as many as three adipocytes (fig.4b). 

Sorne heavily labeled ce Ils were observed in the marginal zone and rcd 

pulp of the spleen. 

3.3 Cellular associations and ultrastructure of B cell precursors in hone 

marrow of seID mice 

Thin bone marrow sections were analyzed by electron microscopy aller a 

45 day exposure period, to locate B220+ cells precisely by radlOautography. 

Positively labeled celIs were identified by the presence of 10-50 filamentom; silvcr 

grains overlying the plasma membrane and dehneating the cytoplasmie 

boundaries (fig.8). Background grains were virtually absent at the EM Jevpl due 

to the thinness of the section (70nm) 'l'he B220· cells were readdy ohserved lI1 

subosteal areas near the bone interface, where they were often In dIrect eontaet 

with osteoblasts (fig.9-12). These B220" cells were of medIUm HIZC élnd generally 

undifferentiated morphology. The nucleus displayed an open leptochromatic 
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pattern with periphera l patchy chromatin condensation. The cytoplasm, small to 

moderate in volume, contained prominent mitochondria and rough endoplasmic 

reticulum (fig 9). The B220+ cells were closely associated with a particularly 

prominent electron dense extracellular matrix in the subendosteal regions of the 

parenchyma. ThIS matnx completely surrounded the B220+ cells, which seemed 

to he embedded wlthin it (fig 9-111. In addition, stromal reticular cell processes 

were olten intimately associated with the B220+ Iabeled cells in the peripheral 

regions of the marrow (fig. 11, 12). 

In intermedmte zones, further removed from the surrounding bone, B220· 

cells, located singly among ceUs of other lineages, were also close!y associated 

with stroma! reticular cell processes (fig.13, 14). The labeled B cell progenitors 

had in sorne cases, a wavy indented nuclear profile and were otherwise of 

undifTerentiawd morphology. 

Large macrophages with extensive processes and numerous inclusions 

were prominent in the bone rr..arrow of the SCID. B220· cells were frequently 

associated with the cytoplasmic extensions of the macrophages which at times 

completely surrounded the lahe!ed celIs, suggesting that phagocytosis had been 

taking place (fig 15, 16, 17, 18) 

In reglOns of the central marrow, sorne higly labeled B220· cells were 

juxtaposed to the outer wall of the sinusoids, overlying the thin layer of 

adventitial reticular cell processes partiaUy covering the endotheliallining (fig.13, 

14). 
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Electron microscopy confirmed the scarcity of highly labcled 8220+ cells 

within the lumen of sinusoids (fig.13-21). However, two such B Cl'll progc..·nit,on; 

were observed to be anchored to the lummal wall of the smusoid by thll1 irn.'gular 

cytoplasmic processes which appeared to extend through the s1l1m;oidal wall to 

the extravascular space (fig. 19, 20). The B220+ celIs located \Il or adJacent to t.he 

sinusoids appeared morphologIcally to be somewhat mort' mature than those 

situated elsewhere as revealed by their gencrally smaiicr SIz,e, mor<.' condensed 

nuclear pattern, electron dense cytoplasm and nurncrous vacuoles. 

3.4 Localization of early B cell precursors in femoral bone marrow 

SeID/mye mice 

Localization of early B cell progenitors in the bone marrow of SCID/ 1~J..1 

myc transgenic mice was carried out as descnbcd for the SeID rmce, by the ln 

situ binding ofi.v. administered 12;,r mAb 14.8 to B220+ cells The SCID/myc micl' 

were used at 4-5 weeks of age. 

Light microscopIC analysis of radioautographic sections of ('emoral bonc 

marrow revealed 8220+ cells of Iymphoid morphology labeled wlth n umcrOUH 

overlying silver grains The localization of the 13220+ cells resemheled that seell 

in the SeID mouse The peripheral region of the bonc marrow contaIned many 

B220+ cells accumulated ln patch y clusters (flg.22). Howcvcr, rnany laheled B C('II 

precursors were also located in mtermediatc reglOns of the marrow Laheled cells 

appeared to be less numerous in the area surroundmg the central smus in 

35 



central marrow regions 

Labeled 8220+ cells were observed exclusively in the extracellu: .... 

compartment· no intrasmusoidal B220+ cell was seen. This finding was in marked 

contrast the observations made in Ep-!lJyc parental strain marrow sections under 

LM, ln which clusLers of B221Y labeled ceUs were readily seen within sinusoidal 

lumens (data not shown). 

The intcrmcdiate re'gions of the marrow contained many large 

lymphoblastoid cells (fig 23al Their morphology is suggestive of blast celIs, i.e. 

they had a large ovoid or round nucleus with a prominent centrally located 

nucleolus. They formed distinct clusters among other hematopoietic cells, ranging 

from 3-6 cells within a group. The nuclear shape and high nuclear to cytoplasmic 

ratio of these cells appeared to be lymphoid. A small number of these cells were 

clearly labeled, however, at a low intensity «10 grains) (fig.23b). The presence 

of these lymphoblast-like cell c1usters have been observed in Ep-myc mi ce 

marrow , but not in the SCID marrow. 

3.5 Cellular associations and uItrastructure of B cell precursors 

in femoral bone marrow of SeID/myc mice 

Electron microscopy once again permitted a detailed evaluation of 

B220+ ccI1locahzation. The peripheral marrow regions revealed many B220+ cells 

located subendosteally The labeling ofthese ce118 varied from heavy to light (15 

to 4 sil ver grains). Even in the latter case, however, the le beling was distinct 
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since background grains were practically absent. The B220+ cells adjacent to the 

subosteallayer were often found in a clusters of3-4 cells that were hghtly labeled 

(3-4 grains) (fig.24). The labeled cells were of medIUm Size and unrlifTerl'ntmtl'd 

morphology. An open leptochromatic chromatin pattern with patchy penpheral 

chromatin condensation was common to thelr nuc\ei, as weil as a slight 

indentation of their nuclear profile. The cytoplasm of these c(\lls was abundant 

and contained numerous organelles. Peripheral B220+ cells furthcr removed from 

the subosteum were of similar carly B ceU morpho1ogy (fig 25). 

As in the SCID mouse, B220+ cells were associated with stroma1 reticular 

cell processes in the peripheral zones of the marrow (fig 24, 25). However, In 

more intermediate and central regions of the marrow no stromal retIcu1ar cell 

associc..t.ions were detected. The B22o+ cells were either adJac(~nt 1,0 other 

hemopoietic cells, detached from neighbouring cens or adjacent 1,0 macrophages 

-
which were characterized by a very 100 se dispersed cytoplasm contai nmg cellular 

debris (fig.26, 27). The majonty of the B220+ cells observed under It~M were 

associated with macrophages, usually in the form of a cel1-cell interface (fig 2H-

30). In many instances, the cell surface labeling of the pro-il cells seemed to he 

localized along the plasma membrane at the mterface (Dg ~~R-:J(}) rn additIOn tn 

the marked relationship between the B22W cclls and the macrophag(~s, Lhls 

particular cellular associatIOn occured mainly in the penpheral zones of the 

marrow. The morphology of the macrophage-assocwted B~2(Y cells was that of 

normal early B cell progenitors. III EJ.1-myc transgenic mice, 13220+ cells 
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phagocytosed or in contact with macrophages are usually apoptotic in appearance 

(,Jacobsen and Osmond, 1990). There was no strong evidence of such apoptotic 

early B cclI preursors In the SCID/myc marrow. However, one particular B220+ 

cell ln contact wlth a macrophage showed the features of an early stage of 

apoptosis (fig.28): with condensation and peripheral segration of nuclear 

chromatIn, cytoplasmic vacuoles and concentration of organelles in one area of 

the cytoplasm. 

3.6 Microenvironmental organization of femoral bone marrow in 

alternate fraction irradiated mice: localization, ultrastructure and 

cellular associations of B220+ cells 

The method of alternate fraction whole body X-irradiation was used to 

produce endocolonization ofirradiated bone marrow. The mice were sacrificed at 

days 1, 2, 3, and 5, post-irradiation. In vivo labeling of B220+ cells in the 

endocolonized marrow was carried out as previously described. At each time 

point, both LM and EM radioautographic sections were examined. 

At day 1 post-irradiation/endocolonization, the marrow was III a 

degenerative state There was a severe decrease in hemopoietic cell numbers 

(fig.31a) and the central sinus and peripheral sinusoids were markedly dilated. 

Erythrocytes seemed to have flooded the extravascular parenchyma, although the 

endotheliallimng of the sinusoids was intact. Many granulocytes were scattered 

throughout the marrow Megakaryocytes were randomly located within the 
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marrow and seemed to be undergoing mitotie divisions. No labeled 8220+ cells 

were observed. 

At the eleetron microscopie level, the LM findmgs were confirmed Large 

eosinophils were observed in close proxlmity tIl one other. Cellular debns WUH 

evidently being removed by macrophages, whose cytoplasm contuined numerous 

large phagosomes, lysosomes, and cellular debris (fig.32) 

Groups of large undifferentiated ceUs resembling early myelohlasts were 

observed 00-12 J.1 in diameter) (fig.32L The nuceli m sorne (lI' t.hcse cells were 

multi-lobed and in others they were unilobar. They had isolated strands of rough 

endoplasmic reticulum as weU as numerous mitochondria. In one sueh group of 

cells, junctional complexes appeared to interconnect the cclIs (fig.3:n 

The bone marrow ofwhole-body irradiated control animaIs resembclcd that 

of the aiternate fraction irradiated animaIs. 

No B220+ ceUs were detected at 1 day and ceUs with lymphoid morphology 

were completely absent. 

After 2 days, the nucleated hemopoietic ce1ls were dcpleted even more, 80 

that hemopoietic cells could rarely be identified. However, stromal rcticular cclIs 

were prominent, their cytoplasmic extensions hemg clearly sccn ln thc depleted 

marrow (fig.31h). Numerous red blood cells were stIll present m the parenchyma. 

At the EM level, cells resembling granulocytic neutrophIls wcre round, in 

groups of 3-4 ceUs (fig.34). These neutrophils had bilobed nuclei or band-shaped 
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nuclei. Neutrophils were closely associated with each other as well as with 

stromal cells (fig 34). Megakaryocytes were now abundant, occupying large areas 

of parenchyma (fig.35). Macrophages were still prominent and were filled with 

phagosomes and residual bodies (fig.36). The parenchymal space surrounding 

arterioles was virtually empty except for the presence of large nerve bundles. 

There was still no evidence of any lymphocytes) or of B220 labeling. 

After 3 days the marrow was more densely cellular and clusters of mitotic 

cells were present within the parenchyma (fig.37a). Und~r the light microscope, 

cells with a chromatin pattern characteristic of dividing ceUs a,Ppeared near the 

bone in subendosteal parenchyma, as weIl as in parenchymal cards extending 

away from the periphery. The dividing cells were ofundifferentiated morphology. 

The first evidence of B220+ cells in the marrow was observed at this time 

interval. The cells were lightly labeled and were situated singly both intra- and 

extravascularly, usually near the surrounding bone (fig.37b). The number of such 

laheled cells was small. 

Clusters of neutrophils sho"ted possible junctional associations between 

themselves and were also closelv associated to stromal reticular cells (fig.38). 

Eosinophils were present as in day 1. Large fat cells and macrophages were 

abunddnt. 

After 5 days, the marrow was densely cellular in peripheral areas of the 
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marrow where numerous neutrophil precursors line the subendosteal layt'r 

(fig.39a) as weIl as arterioles further rcmoved from the subcndosteum (fig.39b). 

B220+ cells were relatively numerous at. day 5 (fig 40, 41) Tinee transverse 

sections of mId-diaphyse al marrow were exanuned and analyzed field by fit.'ld as 

described. An average of 10 labeled cells were counted per sel'tlOn(± s.d L 'l'Ill' 

B220+ B cel1 precursors were located in three arc(\s of th<-' marrow' a) 

subendosteally, among granulocytes and adjacent to or near slIlusoids and 

capillaries (fig.40a, 41a); h) within parenchymal regions isolated l'rom chose 

adjacent to the suhendosteum (fig.40b, 41b); c) mtrasinusOIdaly, m the lllghly 

dilated sinusoids ofintermediate zones, but not in the small peripheral SIrlusoids 

(fig.40a). The B220+ cens were al ways observcd indivldually rathc r than 10 

clusters. In day 5 control animal that had reccivcd whole body x- IrradiatIOn, a 

prolonged se arch revealed only ~ne B220· cclI wlthm transverse sectIOns of 

femorai marrow. 

By electron microscopy, two morphological categories oflabeled U~20+ cells 

were round, early and late. The early B220+ cells had a low nucleus-to-cytoplasm 

ratio and a nuclear pattern of dispersed euchromatin wlth a thm CHn of 

heterochromatin in patchy c1umps around the nuclear border The nucleus was 

sometimes slighty indented (fig 42-45). The cytoplasm contained s/~veral 

mitochondria and a Golgi complex. The B220+ cells of more mature morphology 

had a large round nucleus, with increased condensatlOn of chromatin The nuclei 

occupied most of the cell volume as evidenced hy the extremely thm cytoplasmic 
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rim surrounding the nucleus. Cells of such morphology were seen within the 

sinusoids (fig 46), as weIl as the parenchyma (fig 47). 

The B220+ cells wlth early morphology were located in peripheral regions 

of the marrow where recolonIzation was occuriEg They wpre located within the 

extravascular parenchyma adjacent either to the endothelial wall of smusoids 

(fig 42) or to other arteriolar or venous vessels (data not shown). 

AIl B220· cells in the extravascular marrow were clearly associated with 

stromal reticular celI processes confirming previous findings reported in this 

work. The cytoplasmic processes formed thin strands both in longitudinal and 

cross sectlOns (fig.42-46). 

B220· cells were also located immediately adjacent or close to nerve fibers 

in which nurnerous axons were ernbedded in the cytoplasm of Schwann ceUs 

(fig.42, 43, 45, 47) One B220· eeU of early morphology showed a particularly 

close rnoulding around a nerve bundle (fig.43). Another B220· early precursor was 

in contact with three separate structures havmg the appearance of myelinated 

nerve axons in cross section, but with dimmished spiraling of the myelin sheath 

around the axon (fig.45), pOSS1 bly an effect of irradiation. 
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4.DISCUSSION 

Early B cell progenitors, expressing B220 glycoprotein, have been localized in 

murine femoral bone marrow using three models in which B220" cells are 

restrieted to the pro-B cell stage. SCID and se ID/mye mice both provide 

excellent systems in which to study the localizatlOn of carly ll220" il cell 

precursors in the bone marrow. The SeID defeet presents a model in which no 

pre-B or B cens can be detected, as shown by the prelimmary 

immunofluorescence studies in the present project and in a further pubhshed 

report (Osmond et al., 1991). The existing B lineage cell populations m the 

SCID and SCID/mye mice are pro-B cells. These consis!' of Td'l'+ll220·, 

TdT"B220+ and Td'fB220" celIs, representing early, mtermcdiatc and late pro-B 

eeU populations respectively. Therefore, the B220+ cells detectcd in the selD 

and SC ID/mye marrow by in situ binding of 1:.!
1iI_mAb 14.8 repre~ent only a 

narrow window of development of intermediate and late pro-B cellH, many of 

which express TdT and are thus in the process of Vii Ig gene rearrangementH. 

Early post-irradiation endocolonization provldes an opportumty to examine 

early B cell development during hemopoietic colony formatIOn, when ccll-to-cell 

interactions first begin to develop. 

In the SCID and SCID/mye models, the pro-B cells undergo eell dcletion 

at the late pro-B cell stage. Recent work (Osmond et al, 1991; Kim and 

Osmond, unpublished) demonstrates that differentiatlOn and mitotie diviHiom; 
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of pro-B cells oceur up to the late pro-B cell stage. However, at the Iate pro-B 

cell stage there is a decrease in cell number. Sinee no pre-B or B cells are 

deteetcd in either the bone marrowor the peripheral lymphoid tissues it is 

conc1uded that the aberrant pro-B cells are aIl being deleted. In the SC ID/mye 

and endoLolonization models, the pro-B eells are being stimulated. In SC ID/mye 

mice, under the infl uence of c-myc expression, the intermediate and late pro-B 

cclI populatlOns are expanded, even though the pro-B ceUs still do not mature 

past the late pro-B eell stage (Kim and Osmond, unpublished). In 

endocolonizing marrow, hemopoietic colony formation may be stimulated by the 

post-irradiation depletion and the need to promote hemopoietic regp.neration. 

Post-irradiation marrow regeneration experiments by Park and Osmond (1989), 

have shown that From 3 to 7 days after a sublethal dose (150 rads) of whole 

body irradiation, pro-B eelIs recover and exceed normal numbers. A similar 

overshoot was observed in work by .Jacobsen, Tepper and Osmond (1990) where 

early B precursor ceUs expressing B220 were enriched at 1-3 days post 

irradiation (150 rads). Cell dcath from the irradiation probably stimulates 

dormant radioresistant. stem cells to divide and to give rise to rapidly 

prolifcrating and dlfferentIating precursors in order to compensate for the 

hemopoietic cclI loss. A slmilar stimulation may occur in the marrow of 

alternate fraction x-irradiated miee. The high dose of irradiation used in this 

work ensures that eeUs repopulating the initially irradiated marrow sites will 

have origInated from the autologous marrow that was shielded during 
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irradiation. Initially, the cells will be under pressure to regenerate the various 

marrow celllineage~, though Lambertsen and Weiss (1983) do not report un 

actual overshoot c,f hemopoietic cells in the irradiated marrow after aItcrnate 

fraction x-irradiation. 

The distinctive features of these three experimental systenls provlde 

models for the examination of larly B cell precursors with respect tn their 

10calization and cellular associations. The systems will aIso ref1t'ct the efTect on 

pro-B ceUs organization of the stimulation orB Imeagc ccllH in SeIn/mye and 

endoca1onized bone marrows or by their aberrancies in the seID and SeID/myc 

models where improper Ig gene rearrangements le ad ta cell loss. The SCID and 

SC rD/mye mice provide models to study the mechamsms responsi hIc f()r ccll 

10ss at the late pro-B cell stage. Cell 10ss and deIet.ion rncchanlsms have 

previously been described at later stages of B lymphopoiesis (.Jacobsen and 

Osmond, 1991). 

4.1 Localization of early B cell precursors in the hone marrow 

Under light microscopy, histological maps of B220+ cells in transverse 

sections of SCID mouse femoral marrow reveal the distrIbution of the pro-B 

cells. Many of the B220+ pro-B cells are located In pcnpheral a reas of the 

marrow. In the SCID mousc, the actual concentration of B~20+ celb in 

peripheral, intermediate and central marrow zones was compared ta that of an 

equal number cells generated by computer at randorn throughout the marrow 
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zones. Actual B220· cells were localized in deereasing numbers from peripheral 

to central zones, whereas the randomly generated cell distribution w::.' s almost 

equal in each of the defined zones. This suggests that B220+ cells are not 

randomly localized but are preferentially concentrated in peripheral zones. 

Although histological maps were not made, the same distribution was noted in 

SCID/myc femoral marrow. The presence of a substantial proportion of pro-B 

cells in the peripheral marrow of SeIn and SeID/mye mi ce and the fact that 

these cells are actively proliferating suggests that the peripheral 

microenvlronment is particularly supportive of early B celI differentiation and 

proliferation. The SCID/myc peripheral marrow contains large lymphoblast 

cells, only lightly positive for B220. These may be early pro-B ceUs that have 

just begun to express B220 glycoprotein, again implicating the peripheral 

marrow in being a major site of early B cell proliferation. Previous work by 

Jacobsen, Tepper and Osmond (1990) has shown that in post-irradiated 

regenerating marrow, the first wave ofB220+ eells are located in the peripheral 

marrow regions Further work by Jacobsen and Osmond (1990) revealed B220+ 

cells to be peripherally located in the marrow of anti-IgM treated mlce, ln 

which aIl sIgM+ cells are eliminated, leaving only pro-B and pre-B cells. In 

marrow ofvincnstme-treated mice, mitotic arrest reveals the location ofmany 

dividing U220+ U cell precursors in penpheral marrow zones. In day 3 and 5 

endocolonized rnarrow, aIl the B220+ cells were within peripheral regions of the 

marrow. At the EM level, the peripheral B220+ cells were of early B cell 

46 



precursor morphology. It appears that developing early B cell precursors ln 

endocolonized marrow are preferentially located In peripheral marrow reglOl1S. 

The endocolonizing system further showed that B220· ec1ls first appeared ollly 

at day three post irradiation. This may indicate that 13 lint.'agt"\ cells seed into 

the irradiated bone marrow from tne shIelded marrow only aCter a lag- pl\riod 

of two or more days. Alternatively, early B220· B cclI progcl1lton:i may have 

seeded the marrow hefore that time but not exprcssed H220 untIl tlwy have 

undergone a further period of difl'erentiation. The B220· eells lT1 clay ~3 and 5 

endocolonized marrow are undoubtedly derived from precursors lT1 the shll'Ided 

marrow sinee bone mB.rrow of whole body irradIated control anima\:.; aL day 5 

post-irradiation has virtually no B220+ eeUs. Furthermore, prevlOus work 

(Lamhertsen and Weiss, 1983) shows that endogenous hernopoietIc colonies 

appear only after 7-8 days post-irradiation. The altcrnatc fractIOn IrradIation 

procedure ensured that migratIOn from the shi cid cd limb would only occur in 

a prescribed period of 10 hours at the onset of the cxpenment. 

The location of B220+ precursor B cells in day 3 and 5 endoeolonIzed 

rnarrow may be related to their sites of entry lnto the marrow B22W cel h; wcre 

localized both intravascularly and within the parcnchyrna, ofU'n adjacent tn 

small subendosteal capIllaries. The migrating B2'20+ cells l'rom the shil'ldcd 

marrow may thus he entering the parenchyma of the IrratlIatpo marrow via the 

subendosteal capillaries or the walls of the pcnpheral s1I1u!-iolds, con~lstIrlg of 

little mOTf~ than endothelium. The venous sinuses in thesc subendostcal regions 
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are highly branched and are generally the smallest in cali ber (Debruyn et al., 

1970). Contact between seedmg B lineage precursor eells and endothelial cells 

may thus be promoted, initiating diapedesis in these regions (Lambertsen and 
. 

Weiss, 198;]). r n ontogeny, hemopoietic eells that migrate from liver and spleen 

to bone marrow, pos~:Hb]y m]grate through similar trajectories. Endoc0lonization 

work by Lambertscn and Weiss (983) shows that hemopoietie 

microenvironments for stem ceU proliferation and committment to 

dJfTerentiation, oecur in endosteal regions, as weIl as periarterial regions. This 

work ]s in accord with thê present findings that are indicative of a preferential 

mlcroenvironmcnt for carly B cel! development in the peripheral bone marrow. 

Substantial numbers of B220+ pro-B eells are also present in 

intermedIate zones of the Femoral bone marrow. In the SeID mouse they are 

less concentrated in thlS zone than in the periphery. Normally, as precursor B 

cells mature they appear to move in a centripital fashion, i.e. from periphery 

towards the ('enter (Osmond et al., 1981). B220+ pro-B cells located in the 

intermediate marrow regions are perhaps those of the late pro-B eell stage that 

have migr atcd away from the periphery in an attempt to differentiate further. 

Howevcr, duc tü the SCIO defeet, the pro-B cells are aborted at the late pro-B 

cclI stage. The distributIon of B220+ cells in SCID/mye intermediate marrow 

regions dirfcrs from thG SCrD mouse in that many more B220+ cells seem to be 

located in th]s arca. This may have resulted from the proliferation of the large 

B220+ blast cells in the SeID/myc peripheral marrow, not seen in the SeID 
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peripheral marrow. These blast celIs may lead to the expansion of the 

proliferating early pro-B cell population, heightened by the constitutive e-myc 

expression, as has been determined by double immunof1uorescence and 

stathmokinetic analysis in SCID/mye bone marrow (Kim Hnd Osmond, 

unpublished). 

The endoeolonized marrow at the time intervals examined in the present 

work was not yet sufficiently repopulated for the formation of mtermedIute or 

central marrow regions. The central marrow of SelD and SClD/rrtyc mIte 

contained almost no B220· pro-B celIs. Although past work has shewn that 

there are greater numbers of early preeursor il ceU:'! In pcnphcral marrow of 

normal miee, sorne were stilliocated in central regions of the marrow (.Jacobsen 

and Osmond, 1990; Jacobs::m, Tepper, and Osmond, IH90). The scarcity of 

B220· pro-B ceUs in SeIn and SCID/myc central marrow zones lS reluted tu 

deletion of la te pro-B cens, the mechanisms of which will be discussed. 

The patchy clusters of B220· pro-B ceIls in peripheral marrow of SeIn 

and SeID/myc mice, and in intermediate marrow of SelO/mye mlce possihly 

represent the progeny of a common progenitor eeIl ThIs would concur with 

double immunofluorescence and stathmokinctlc studies shoWIng thaL B2~O+ 

pro-B cells are actively proliferating. Howcvcr, further cxperiments would he 

needed to test the possible clonahty orthe pro-B ccll clu~ten; 'J'he presence of 

B220· pro-B cell clusters in the interrncdwte marrow reglOns ofSCID/myc mice 

mayonce again be due to the expansion of the pro-il cell population caused by 
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the constitutive c-myc expression (Kim and Osmond, unpublished). In 

endocolonized marrow, no su ch B220+ celI clusters are seen. Those B220+ cells 

present at day 3 and 5 of endocolonizatian are individual, Le. they are singly 

located among other regeneratmg hemopoietic cells. This is perhaps an 

indication that the migrated B220· cells have not yet begun to proliferate. The 

morphology of these B220+ cells is mainly that of early B cell precursors with 

potentlal to prohferate. Further endocolonizatlOn experiments are indicated to 

examine time pomts later than 5 days. 

In the SCID mouse, almost an of the B220+ cells are located within the 

extravascular space of the marrow. However, a few B220· cells are seen within 

sinusOldallumens. Thls finding was unexpected since the SCID defect prevents 

the development of pre-B cell and mature B cells. There are several possible 

explanatlOns for these intrasinusoidal B220+ pro-B cells. First, B220+ cells in 

the sinusoid may be pro-B cells that have been prematurely released into the 

circulation, Second, sorne defective B220·Ig' cells rnay have avoided cell deletion 

and continued to mature cnabling them to enter the sinusoids. Third, sorne pro

B cells may occasionally be able to properly rearrange VDJ segments, cading 

for Ig heavy chams, leading to normal ccll development, survival, exit from the 

marrow and abihty to functlOn as a B cell. Electron microscopy shows the se 

eelIs to be of a more dtfTcrentiatcd appearance than extravascular B220· cells. 

Their cytoplasm is smaller in volume and the nuclear chromatin appears more 

eondensed than that of early pro-B celIs, suggesting that they are unlikely to 
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represent the premature release of pro-B cells. The B220+ cells in SCID mice 

may rarely successfully rearrange their Ig coding genes, possibly due to a 

chance rearrangement, producing a "leaky" SCID (Rosma et al., IH88). 

However, no B cells were detected in peripheral lymphoid organs by double 

immunofluorescence in the present work. Thus, the second explanation seems 

to be the most plausible; aberrant Ig' pro-B cells having escapl'd deletion, 

continue to mature and are released into the sinusoids. Since thcsl' cells cannot 

express cytoplasmic or surface J.l heavy chains, they are not dctected as pre-B 

or B cells by immunofluorescence labeling. SCID pro-B cellH, when transferred 

to in vitro cultures are capable of surviving although they arc not functional 

(Witte et al., 1987). This is in accord with the ide a that ln vivo, the 

intrasinusoidal B220+ cells may he rare, !1on-fllnctional pre-B or B cells, 

escaping cell deletion and entering the peripheral circulatIOn. The rarity ofthis 

event in SCID mice may reflect the efficiency of the normal deleting 

mechanisms and macrophage associations discussed helow. B cells normally 

express sIgM he fore being released iIlto the circulation (Osmond and Park, 

1987; Osmond and Batten, 1984; .Jacobsen and Ot:>mond, HJBO). This present 

work raises the question of whether B ccll exit from thc marrow i8 necessarily 

dependant on sIgM expression. 
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4.2 Intercellular associations of early precursor B cells 

in the bone marrow 

4.2.1 Extracellular matrix 

Most evident in the SCID mouse, subendosteal B220+ cells of 

undifferentiated morphology are associated with a prominent electron dense 

extracellular matrix, in which they appear ta he embedded. Molecules making 

up the exlracellular matrix in bone marrow, such as fihronectin and 

proteoglycans, appear to be involved in the promotion of cell-cell adhesion and 

in restricting the range between growth factors binding the matrix and celI 

surfaces (Bernardi ey aL, 1988; Sanderson et aL, 1989). These findings suggest 

a specifie microenvironmcnt within which, early B ceU development may be 

controlled via growth factors, the nature of which requires further strdy. The 

electron dense matrix was not evidently in SCID/myc and endocolonized mouse 

marrow. However, the matrix is not unique to the SCID mouse, since previous 

work shows B220+ cells to be embedded in an electron dense extracellular 

matrix, in post-irradiation regenerating marrow (Jacobsen, Tepper and 

Osmond, 1990). 

4.2.2 Osteoclasts 

In aIl three experimental systems, B220+ pro-B cells were apparently 

associated with osteoclasts. The B220+ cl.!lls were either in contact with or in 

very close proximlty to osteoclasts lining the endosteum. Lambertsen and Weiss 

(1983) show associations of undlfferentiated and granulocytic colonies with 
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• osteoclastic endosteum, and suggest that osteoclasts play a microenvironmentul 

role in the marrow. The present findings raise the possibility that osteoc1asts 

may promote pro-B cell development, although the specific nature of this role 

is open to speculation. 

4.2.3 Stromal reticula r cells 

The close association ofperipherally located B220+ precursors with 

stromal reticular cells in the bone marrow of the three murine models was 

examined in the present work The B220· ceUs are surrounded by and u:mally 

in direct contact with the thin cytoplasmic processes of the rcLlcular cells. III 

vitro studies dernonstrate the necessity of stromal cens to support B cell 

development OGncade et aL, 1989; Landreth and Dorshkind, 19HR). Previous 

in vivo work in our laboratones has demonstrated that 13220+ B lineage are 

associated with stromal reticular celIs in normal mice (~JacobHen ct al., 1990). 

Since the SeIn and SeID/myc maITOW contains only pro-B cells, the present 

work now demonstrates that stromal reticular cells are associated with thcsc 

early differentiation stages which include the phase of Vif Ig gone 

rearrangement. In the SeIn mouse, these 3tromal cclI associations arc al80 

evident in intermediate and central zones of the marrow ln normal micc, the 

contact of stromal reticular cells lS probably reqUIred to support the varIOUS 

stages of B celI dcvelopment (,Jacobsen et. al , 1990). The presence of stromal 

reticular cell processes ln mtermediatc and central zones orthe SeID rnarrow 

suggests that the stromal microenvironment has not been affected hy the lack 
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of pre-B and B cells in these zones. In the SeID/mye mouse, the stromal 

retieular cell associations with B220+ cells are especially pro minent in 

peripheral regions, it heing difficult to locate sueh associations in the more 

central regions of the marrow, where the B220+ cells in intermediate and 

central regions are dissociated from other surrounding cells. Su ch a 

dissociation may he a sign of the onset of apoptosis (Fesus, L., 1991): if so, this 

possible onset of apoptoslS would be a contrihuting factor to the cell 10ss 

occuring at the Jate pro-B cell stage. However, the B220+ cells themselves did 

not show any morphologicai signs of apoptosis. 

In day 5 endocolonizcd marrow, the B220+ ceUs are associated with 

stromal reticular cell processes. In this regenerating marrow, B220+ ceUs are 

developing in a mlcroenvironment in which hemopoiesis has been depleted, but 

the radioresistant stromal elements still exist. Associations formed between 

these prccursor cens and their microenvironment may thus resemble events 

occuring in late f€Lal mice, when B ceU progenitors or pluripotent stem ceUs 

first migrate into the femûrai bone marrow (Osmond, 1985). The associations 

suggest a microenvironmen t favouring the development of pro-B celIs, in accord 

with previous work stressing the importance of mteractions between stroma 

and B cclI pn'cursors As the electron micrographs demonstrate, the 

aSSOCIations between stromal reticular cells and regenerating B220+ cells are 

elaborate. One B220+ cell with early B cell morphology had contact with a 

network of stromal ceU processes se en in cross and tangential sections. Such 
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early cells do not have the continuous boundaries of contact with the st' omal 

reticular cell processes, typical of normal, sem and SeID/mye bone marrow, 

but a more interrupted pattern of contact. This may ref1ccL t,lw nt.'\vly arnved 

early B cell progemtors not havmg yet assocJat<.'d ful ,y wlth the 

microenvironment. Another B220+ cell with an elongated shape suggl'stlng that 

it was a motile cell, was also sUITounded by a brokpn puttl'rn of stromal 

reticular cell processes. Possibly, the immigrant B220+ celI'j do not, ('ompletely 

associate themselves with stromal reticular celIs until tl- cy have rl'adwd an 

appropriate area of parenchyma presenting sUltable cclI adhesion molecull'H or 

cytokines, rendering the cell static. One apparently more mature B22(V cell 

located within the parenchyma near a sinus wall, lwd a thin el(\cLronluccnL 

reticular cell cytoplasmic extension completely surrflUndlIlg it (fig 47) 'l'ills 

extensive degree of assocIation between B22o+ cells <: nd stroma1 ret,lwlar cellt! 

resembles studies in normal mice in which stroma! retIcular cells orten f(lfln 

complete contact with B220· cells in a decp gob!et-shapcd mclw, assurmg 

intimate cell-cell contact (Jacobsen and Osmond ID90) In the partlcuJar case 

of figure 47 , two explanations seem plausible· a) an carly B c{\11 precunlOr, 

having mlgrated to (md settled in the lrradiat( d marrow, hus developed 

extensive, functional contact with a stromal retlclllar cell thrcugh tlrne, and 

consequently differentlated to a pre-il or B cell; hi a mort' mature B~~O· cclI 

migrated direct frorn the shielded marrow and wa, able rapJ(lly to u!->socwte 

itself with a stromal reticular cell. To render this }larticular case cven more 

55 



intriguing, the B220+ cell along with its stromal reticular cell association, seem 

to be complete1y surrounded by :H1other cell of uncertam identity. It appears 

to be ncither a macrophage nOT a f,tand:ud stroma1 retlcular cell, yet its 

extensIve cytoplasm and Irregular shape re~emble those ofstromal cens. Weiss 

et al. have dll'ltingUlshed a type of stromal cell, termed a "barrier cell" (Weiss 

et al., 1991) These are related to reticular cells and other fibroblasts, possibly 

even being fibromuscular In nature, actin and cytoplasmlc filaments having 

been identified wlthin their cytoplllsm by immunocytochemistry. They are 

predommantly located in subendosteal regIons of trabecular bone marrow. 

Howcver, in conditlOns of stress, sueh as irradiatIOn, they proliferate and 

spread from these restricted sites to other areas su eh as the diaphysis of the 

fcmur Sorne barrier ceUs establish Intimate associations with blood vessels in 

the marrow msmuatmg slender processes of cytoplasm between endothelial and 

adventitial cells. They branch out from the adventltial surface of sinuses inta 

the parenchyrna, confimng and enveloping differentiatmg hemopoietic cells. 

This mobIlizatlOn around venou:; sm uses and envelopment of hemopoietic cells 

i8 proposed to be u rcgulutory system t.o prevent the premature release of celIs 

into the cIrculatIOn (WeIss et al , W91) In the present case, the umdentified 

stroma! ccll may represent such a "barrier" cell that has enveloped the B220+ 

ccll-stromal retlcular ccll complèx The density of ItS cytoplasm, its extensive 

cytoplasmic processes, Its pcrisinusoidal locatIOn and the way in which it 

appcars to sUlTound an apparently premature B cell are aIl features consistent 
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with it being a barrier cell, possibly retaining the B220+ cell within the 

parenchyma for its further maturation. If so, this would favour the first 

explanation concerning the nature and origm of the B220+ cell, i.e., an early B 

cell precursor, having migrated into the irradiated marrow, has devl'loped 

contact with a stromal reticular ceU and subseQuently differentHlted. This 

would be the first in situ observation of a lymphoid cclI as~ociated with a 

barrier cell. 

4.2.4 Macrophages 

A possible mechanism .of cell 10ss during mouse B lymphopoiesis, as 

observed previously (Osmond et al., 1991), has been suggested by the prpsent 

work. EM r~veals many resident macrophages closely assocwted wlth B220+ 

pro-B celIs in intermediate and central marrow zones in the SCI n mow,;e, and 

in peripheral marrow zones of the SCID/myc mou se The macrophages arc 

characterized by distinctive features including large irregular dimensions, 

phagosomes, lysosomes, mu ch ingested cellular debris, and, in thcse partIeular 

preparations, a dispers~d or "loose" cytoplasm In normal bone marrow, 7G(!r, 

of aIl B eell precursors produeed are lost at the pre-B cell stage and do not 

enter the blood circulation (Osmond and Park, "!987). 1 n Lhe SelD and 

SC ID/mye models, ail B cell precursors beglll tn dlfferentJate and to prolifera!.e, 

but they do n'Jt survive beyond the late pro-B ccll stagC' whlch ltself IS deplctcd, 

compared tü normal mice. Therefore, virtually lOWk cclI loss appearf-J to occur 

in the SC ID and SCID/myc mice but the mechanisms associatcd with the loss 

57 



remain unknown. The associations with macrophages now suggest that these 

cells are rapid1y recogmzing and mgesting the aberrant B cell precursors, as 

part of the ce]] 10ss process. In SCID marrow, one particu1ar B220+ cell was 

observed to he entirely withm the cytoplasm of the macrophage even though 

only 3 mm had elapsed hetween administering 125I_mAb 148 and fixing the 

tissue. Such a cell deletion could be occuring at the late pro-B ceU stage, 

preventing aberrant B cell precursors from matunng and exiting the marrow. 

The8e results accord with the hypothesis that macrophages are imphcated in 

the loss of B liGeage cells in normal murine marrow (Jacobsen and Osmond, 

1990). In one Important respect, however, the appearances differ from those in 

normal marrow or m the marrow of EJ.l-myc transgenic mice where most cell 

108s occurs at the pre-B celI stage The B220+ cells associated with the 

macrophages m the SC ID man ow are morphologically normal. Macrophages 

are known to phagocytose dying or dead cells (Jacobsen and Osmond, 1991). In 

the case of SelD miee, however, the B220+ eeUs associated with macrophages 

do not show the morphologlcal evidence of apoptosis. Their nuclei are not 

condem;ed and frag'll1ented and they do not have a decrease In cytoplasmic 

volume. ThIS m marked eontrast \VIth \Vith "8J.l-mye transgenic mice in which 

extreme apoptotlc morphology 18 seen (Jacobsen, Sldman, and Osmond, 

unpublIshedl. In SCID Imee, the macrophages appear to detect and ingest 

aberrant B22W pro-il eells elther wlthout the ceUs undergoing apoptosis or 

before the morphologIcal signs of apoptosis can become eVldent. The 
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macrophages seem to be selectively eliminating defective B cclI precursors and 

thus playing an important role in the "quality control" of B celI gent'sis. In 

se ID/mye mouse marrow, B220+ l'eIls are assocwted with macrophngps, cvcn 

more frequently than in the SCID mOUfle marrow Ind('('d, the majority of 

labeled pro-B cells seen under EM are dlrectly adjacent to macrophagl's This 

may again represent a process of recognition and phagocytoslS of aberrant pl'O

B cells. The increased macrophage assocmtion 1Il thcse reglOns Hnpllc~ a very 

early recognition of aberrant B220+ pro-B cells The expansion oftlH' populatIOn 

ofTdT+B220+ pro-B celIs, a11 ofwhich are aberrant, may be a signal 1.0 lI1crcase 

macrophage activity. In EJ.l-myc mice, B220~ cells are orteil assol'1at.l'd wlth or 

ingested by macrophages (Jacobsen and Osmond, 19B1 ) and furthermore, those 

B220+ ceIls are III large part apoptotic. In the SCln/mye mouse, out of ail the 

B220+ celI-macrophage assocIations observed, only one B~~W cell had some 

morphological characteristics of apoptosis The rest of the pro-B eells were of 

normal, early B celI precursor morphology It seems that the macrophageH arc 

deleting the aberrant pro-B celIs before they have a chance 1,0 mal1lfeHt the 

morphological signs of apoptosis This Imphes a dehcate positIve or negatlve 

molecular signaling mechamsm, triggering macrophages to rpcogrllze and d(dete 

~berrant ceIls at an early stage The present work ln SeID and SeID/mye mlce 

provide strong support for the VICW that macrophages are lI1volved Irl the 

selection and deletion of non-functional 13 cell precur:'>or~, preventlOg thelr 

release into the circulatIOn No macrophages were assocwted wlth B2~O+ cells 
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in the day ;3-5 endocolonIzed marrow. This may suggest that in this system the 

early pro-B cells were dIfferentIating normally without cell 10ss and that the 

pre-B ecll stage at WhlCh eell 1088 can normally oecur, had not yet been 

reachcd. 

4.2.5 PrOxlmlty of regenerating early precursor B cells to nerve fibers 

A novel observation has been the apparent association of B220+ cells 

with nerve fibers contaimng unmyelinated axons In day 5 endocolonized 

marrow. In almost every slghtmg of a B220+ celI, a nerve fiber was located in 

the same electron mIcroscopie field, close enough to prompt speculation that 

thore may have becn sorne functional communicatIOn between the two. In one 

instance, a B220+ cclI ofearly morphology had shaped its cytoplasm around the 

edge of a nerve über g1Vlllg the Impression of a "niche" or an isolated 

microenvironmcnt wlthm which sIgnaI transmissions could occur. Recent work 

by Goetzl and Sreedaharon (992), in vitro, has demonstrated bidirectional 

interactions bet'veen the immune system :.lnd neuroendocrine system, 

innuencing such dlver:::.e physlOlogical activities as tissue locahzation of 

lymphocytes, antlbody rcsponses and neural signal transmissIOns. Under 

certain stimuli, cultured astroglial and mlcroghal cells expressed mRNA for u

lumm' necrOSlS fllclor (TNF-(X), IL-l, IL-G, and f3-transformmg growth factor 

(TGF-f3), whde prolactm and VIP (vasoactive mtestmal pepilde) are active in 

regulating of lymphocyte growth and funetlOns These findings ralse the 

possibilities that tranSIl11tter molecules from nerve endings located near early 
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B cell precursors in post-irradiation endocolomzed marrow, may play an 

important role in the recovery of the B lymphocyte populatIOn. Prolal't1t1. a 

pituitary polypeptide hormone involved In maintall1ing fi c('Il It1\mUI1e 

responsiveness in rodent.s (Friesen et al., 19~)}), lllCreaSl'S dU' transcnptlOn of 

c-myc proto-oncogene and interferon regulatorv factor l (IHV-l), buLh of wlllch 

are involved In enhancmg cellular prohferatlOn (Yu Lee et al , WHO). Posmbly 

the se nerve fibers, whose terminais can only be conc1uHlvply Idpntifil'd through 

special staining, may be enhancing the developrnent of the migrat.ed B cclI 

progenitors by secreting molecules that promote B cell proliferatlOn Yarnazakl 

and Allen (1991) have also àernonstrated a "ncuro-reticular comph'x" \f1 which 

efferent nerve fibers are intimately associatcd wlth stromal n.'tIcular cells in 

the bone marrow. They suggest a ncrvous control of hemopoJesl:-' through the 

stimulation of the stromal cells to secrete ccli growth factnrs Such ncuro

reticular cell associa'jons, though not directly examincd or Idcntlfied in the 

present work, could serve as an addltional mechamsm stimulatmg B ccII 

proliferation in conjunction with a direct nervous stimulatlOn of carly B ccli 

progenitors. 
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5. Summary 

The three animal models used in this project, SCID mice, SCID/myc mice 

and post-irradIation repopulatIOn, have aIl provlded information concerning the 

localization and lIltcrcellular aSSOCIatIOns of early B22o+ pro-B cell progenitors 

in the banc marrow. The results both substantiate previous views, and 

introduce new concepts that can lead to future work. 

AlI thrce models have shown that many early B cell precursors 

expressing the B220 glycoprotcin are preferentially located in peripheral 

marrow. Other preeursor B eells ean also be seen in intermediate zones of 

SCID and SeID/mye monse marrow while very few are found in central 

marrow zones around the cefltral sinus The penpherally located pro-B cells in 

the SCID and SelO/myc mi ce are intimately associated with an electron dense 

extracellular matnx and with stromal reticular cell processes both of which 

appear to play a role m supporting B ceIl development. The endocolonization 

system has enabled the detectIOn of B220+ eeUs in a situation where B eeU 

preeursors are recolonizmg hcmopOletically depleted bone marrow. The 

consistent observation of stroma! reticular cell associations with B220+ ceUs 

eonfirms th/..' finchngs lB the other two murme models, as weIl as previous 

work Furtl1l'rmore, Il reveals the devclopment of stromal associations at an 

carly stage of B œil devclopment that marks the beginnmg of colony formation. 

In the hone marrow of SCrD and fiClD/mye mlce, pro minent 

macrophages are associated with many B220+ cells, aIl ofwhich have aberrant 
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• Ig gene rearrangements and are destined to be deleted. These findings suggest 

a role of macrophages in recognizing and deleting abt'rrant B œIl preCllrsors 

in SCrD and SerD/mye marrow where virtually ail il et'll precursors are 

aben"ant and are lost at the pro-B cell stage, as IS the case 111 normal marrow 

where many B cell precursors are lost at the pre-R ('l'Il stage 

The early B220+ B cell precursors in post-lrradiatlOn endncolot11zing 

bone marrow are often adjacent to nerve fibers containing unmyehnated nerve 

axons, previously defined as efferent autonomie fibres. ThIs findmg mises the 

possibility of a role for nervous factors in the post-irradiatIOn endocolonization 

of early B celI precursors. 
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Figure 1. Schematic representation of the working model of B cell 

development. 
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Figure 2. Histological maps of four reprf>:5entative femoral marrow sections 

from three SeID mice, showmg the distnbutlOn of B220· early 

precursor B cells. Each clrcle represents the vanous numbers of 

B220+ cells seen in mdlvldual ffi,croscopoc fields (2025I-lm:.!). 
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Figure 3. L.M. radioautograph showlng the patchy distributlon of B220+ 

early B cell precursors (arrowheadsi in the penpheral region of the 

femoral bone marrow of a SCID mouse. Sorne of the labelled cells are 

near the cortical bone (b) and others are further away from It. A 

large sinusoid (8) lS penetrating the penpheral parenchyma in which 

adipocytes (A) and rnegakanocytes are also round. Two week 

exposure period, 40x magmficatlOn 
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Figure 4. L.M. radioautographs of B220+ early B cell precursors 

(arrowheads) in the penpheral region of the femoral bone marrow 

of a SeID mouse sltuated a) near the cortical bone (b) and 

neighbourmg adipocytes (A) and b) between a small cluster of 

adipocytes (A). 'Two week exposure period, BOx magnification. 
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Figure 5. L.M. radioautographs of B220· early B cell precursors 

(arrowheads) in the penpheral region of the femoral bone marrow 

of a SeID mouse. Figure al shows a posltively labelled pro-B cell 

(arrowheads) located close to the cortIcal bone (h), and is a180 

adjacent ta a megakanocyte (M) and an adipocyte (A). Figur~ h) 

shows two heavily labelled pro-B cells (arrowheads) adjacent to a 

sinusoid filled w1th erythrocytes, WhlCh lS lying against the cortical 

bone (b). An adipocyte (Al IS also seen in this field. Two week 

exposure period, a and b' 64x magnification. 
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Figure 6. L.M. radiouut.ogruph of a heavily labeHed B220+ early B cell 

precursor (arrowheadsl withm the lumen of a sinusoid (S) in the 

femc;ral honc marrow of a SeID mousc. Two week cxposure period, 

12Gx magnificatÎon. 
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Figure 7. L.M radlOautographs of hcavIly labelled B220+ early B ee1l 

precurHors (a) and h); arrowheads} in the peripheral region of the 

f(!moral hone marrow of a SeID mouse. In both cases, the pro-B ceU 

IS adJacent to the endothehum hmng a Slllllsoid. This microscoplc field 

reveals other aspects of the penpheral region of the marrow such as 

thc cortical hone (h), adlpocytes (A) and megakarioeytes (M). 'l'wo 

wcek cxpmmre perlod. a: :n.25x, and b: 50x magnification. 
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Figure 8. Electron microscope lE M.) radioautograph ofa B220+ pro-B (PB) 

cell in the femoral bone marrow of a SeID mouse, labelled by Ln vivo 

admimstratlOn of mlI mAb 148 The filamentous development of 

sIlver graInS (arrowheads) on the photographIe emulslOn, due to the 

radiation emlSSlOns of '.!!if, clearly delineates the plasma membrane 

of the cel!. Two month radlOautographlc exposure penod, 16 250x 

magnification. 
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Figure 9. E.M. radioautograph of a B220· pro-B (PB) located in the 

peripheral reglon of the femoral bone marrow of a SCID mouse. The 

positive cell 18 directly adjacent to an osteoblast (Ob) that separates 

lt From the cortical bone (B) An electron dense extracellular matrix 

surrounds the cell (arrowheads> The open leptochromatic pattern 

of the nucleus, the abunda nce of rytoplasm and the numerous 

organelles in the cytoplasrn are typlcal of early B cell morphology. Six 

week exposure penod, 16 250x magmncatlOn. 
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Figure 10. E.M. radioautograph of a tangentiai section of a peripherally 

located B220· cell of early precursor morphology (PB) in the fernorai 

bone marrow of a SeIn mouse. The cell is adjacent to the layer of 

osteoblasts (Ob) underlying the bone (B) and is surrounded byan 

electron dense extracellular matnx (arrowheads). Six week 

exposure period, 10 OOOx magnificatlOn. 
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Figure 11. E.M. radioautograph of a 8220· early B cell precursor (PB) 

located near the cortical bone of the femorai bone marrow of a SeID 

mouse. This hcavIly labelled pro-B cell is surrounded by distinct thin 

cytoplasmic processes (arrowheads) that could be easily traced, 

leading away from the 8220- celi An electron dense extracellular 

matrix is vIsible between the pro-8 cell and the cytoplasmic 

processes of the stromal retlcular eeU as well as between the pro-

B cell and a nelghbounng lymphOld cell (L) (~ows). Six week 

exposure period, Il 250x magmfication. 
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Fib'Ure 12. KM. radioautograph of a B22o+ early B cell precursor (PB) 

locatl'd m the peripheral femoral hone marrow of a SCID mouse. 'rhe 

ccII is adjacent tu an osteohlast undcrlying the cortical bone (B). The 

pro-B ccll IH surroundcd hy vanous strands of cytoplasm 

(arrowheads) ongmatmg from stromal reticular cells. Three month 

eXpOHUf(\ periorl, H fiOOx magnificatlOn. 
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Figure 13. E.M. radioautograph of a B220+ early B cell precursor (PB) 

situated in the intermedlate regton of the femoral bone marrow of a 

SCrD mouse. ThIS pro~B cel1Is partially encompassed by distinct 

cytoplasmlc processes charactenstlc of stromal reticular cells 

(arrowheads). ThIs pOSltlve cell is adjacent to an adventitial 

reticular cell (AR) that lS hnmg the adlurninal aspect of an 

endothelial cell (EL The latter 15 separating the parenchyma from a 

sinusoid (8). SIX week exposure penod, 12 OOOx magnification. 
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Figure 14. KM. radioautograph of a B220+ early B celI precursor (PB) in 

the intermediate region of the femoral bone marrow of a se ID 

mouse. The B20O+ celi 15 adjacent to an endothelial ceU (E) 

separating the pro-B cell From a 5inusOld (8) filled with red blood 

cells. The B cell precursor 15 In partial contact Wlth stromal reticular 

cell processes (arrowheadsJ. Six week exposure period, 12 OOOx 

magnification. 
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Figure 15. E.M. radioautograph of a B220+ early B cell precursor (PB) 

located in the intermediate reglon of the femoral bone marrow of a 

SCID mouse. The labelled cel! is in dlrect contact with the cytoplasm 

of a macrophage (M). The macrophage has a very dis~rsed 

cytoplasm which cantains many mitochondria, lysosomes, and 

cellular debris. Three month exposure period, 13 600x magnification. 
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Figure 16. E.M. radioautograph of a B200+ early B cell precursor (PB) in 

the intermediate region of the femoral bone marrow of a SeIn 

mouse. A macrophage (M) contammg numerous phagosomes and 

cellular debris is completely surrounding the intact B220· cell. Three 

month exposure penod, 8 500x magnification. 
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Figure 17. E.M. radioautograph of a B220+ early B cell precursor (PB) 

located in the intermediate reg10n of the femoral bone marrow of a 

SeID mouse. The B220· cell 18 surrounded by a loose cytoplasmic 

matrÏ'l: that extends throughout the length of the micrograph 

(arroW8). This charactenstlc has been attrihuted to the cytoplasm 

of macrophages (M> ln such hlstologIcal prepardtions. Dispersed 

ffiltochondria, lysosomes. and cellular debris can easIly be identified 

within the cytoplasm of the macrophage. Three month exposure 

period. 4 700x magmficatlOn 
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Figure 18. E.M. radioautograph of a B220+ early B celI precursor (PB) 

mlsociated with a macrophage (Ml in the intermediate region of the 

fernoral bone marrow of a SCID mouse. The cytoplasm of the 

macrophage seems to be surrounding must of the pro-B cell 

(arrows). Large condensed nuclel of de ad cells are present in the 

cytoplasrn (If the macrophage Three month exposure period, 8 500x 

magnificatlOn. 
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Figure 19. KM. radioautograph of a heavily labelled B22W early B cell 

precursor (PB) in a sinusoid (8) of the peripheral region of the 

femoral bone marrow of a sem mouse. The labelled cells appears 

slightly more mature as revealed by its morphologieal features, the 

high nuclear to cytoplasmlc ratIO as well as the overall condensed 

nature. The ceU seems to be trading thin cytoplasmic processes that 

traverse the endothehum from the parenchyrna (arrowheads). Six 

weeks exposure period, 9 OOOx magnlf1cation. 
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Figure 20. E.M. radioautograph of a heavily labelled B220+ early B cell 

precursor (PB) in a smusOld (S) of the femoral bone marrow of a 

SeID mouse. The cell seems to be anchored to the parenchyma by 

strands of cytoplasm that are traversmg the endothelium, however, 

the origin of the 8trands 18 unknown (arrowheads). Six week 

exposure period, 7 200x magmfication. 

98 

• 

• 



• 

5 

, 

'>' .. 

• 

• 
------------------..... 



Figure 21. E.M. radioautograph of a 8220+ early B cell precursor (PB) free 

in the lumen of a smusOId (S) lined by endothelium in the femoral 

bone marrow of a SC ID mouse. SlX week exposure period~ 9 600x 

magnification. 
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Firure 22. L.M. radioautographs (a and b) showing the patchy distribution 

of B220· early B cell precursors (arrowheads) in the femoral bone 

marrow of a se rD/mye mouse. The cortical bone (h) reveals the 

peripheral nature of these marrow regions. Three week exposure 

period, 40x magnificatlOn 
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Figure 23. L.M. radioautographs of se ID/mye femoral bone rnarrow. 

Fig'.1re a) shows the large lymphoblast-like ceUs found in the 

peripheral reglon of the marrow. Figure b) shows two of the 

lymphoblast cells that are lightly labelled for the B220 glycoprotein 

(QlTOwheads). Three week exposure period, a and b: 125x 

rnagnifieation. 
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Figure 24. E.M. ra(HI)~l.ltograph of a B220+ early B cell precursor (PB) 

~àJacent to osteoblasts (OB) underlying the cortical bone in the 

femoral bone marrow of a SCID/myc mouse. The pro-B cell is not, 

however, directly adjacent to the subosteallayer but is in contact 

with a cytoplasmlc process WhlCh runs parallel to the osteoblast 

layer. A similar process 15 hnmg the cell on its OpposIte side 

(arrowheads). The pro-B cell's neighbouring cells are quite probably 

pro-B cells, but are very hghtly labelled (.). Three month exposure 

penod,8 500x magmficatlOn 
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Figure 25. E.M. radioautograph of a lightly labelled B220+ early B cell 

precursor (PB)in the peripheral region of the femoral bone marrow 

of a se ID/mye mouse. The B220· cell, whieh is about 2 cell lengths 

away from the subosteum 18 lined by a distinct strand of cytoplasm 

which would stem frOID stromal retlcular cells (arrowheads). Three 

month exposure period, 10 200x magnification. 
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Figure 28. E.M. radioautograph of a B220+ early B cell precursor (PB) that 

is partially dissoclated from its nelghbouring cells. The labelled cell 

is in the intt:rmediate regIon of the femoral bone marrow of a 

SCID/myc mouse. Three month exposure period, 13 800x 

magnification. 

104 

• 

• 



• 

• 

.. 
• ,. " , ~ 

• • 

, 1 

• 

, . ., 

, 

.... . -.' 
'.JI 

.. t-. 

.- ~J .'. " 

" , 
" Î 

l , 

), 
1 • 

Y, • 

l 
/ 

.~ 
. ,. :; " 

PB 

'. 

. .... ;. 

} " t 
1' .... -' l .. 

l'''''~' \ .' -

• 

.. 
'\R J '; J , , 

'\~~ 

, . .. 



Figure 27. E.M. radioautograph of a B220+ early B cell precursor 

(PB) in the intermediated reglon of the femoral bone marrow of a 

se ID/mye mouse. The cell seems to be ln the process of dissociating 

from its neighbounng hemopOletlc cells. Three month exposure 

period, 18 500x magmficatlOn 
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Figure 28. KM. radioautograph of a B220· early B cell precursor 

(PB) in the penpheral regIon of the femoral bone marrow of a 

SCID/myc mouse. The cell IS slmultaneously in contact with a 

macrophage (M) on one slde, and with a stromal reticular cell 

process on the other sIcle (arrowheads). The pro-B cell is itself 

slightly apoptotlc as seen hy ItS condensed nuclear chromatin and 

aggregated organelles Three month exposure penod, 8 500x 

magnification. 
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Figure 29. E.M. radioautograph of a B220+ early B cell precursor 

(PB) 'in contact with a macrophage (M) in the peripheral region of 

the femoral bone marrow of a SerD/myc mouse. The silver grains, 

representmg the B220 glycoprotems, are present on the pro-B celJ at 

the interface with the macrophage. Three month exposure period, 8 

500x magnification. 
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Figure 30. E.M. radioautograph of a mitotic B220+ early B ceB 

precursor (PB) in the penpheral region of the femoral bone marrow 

of a se ID/mye mouse. The pro-B ceU is interfacing with a 

macrophage <M) that cxtend., awp.y From the labelled cell (8lTOWS). 

The silver grains are at the mterface between the labelled cell and 

the macrophage. Three month €'xposure period, 8 500x magnification. 
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Figure 31. L.M. radioautographs of day 1 (fig.a) and day 2 (fig.b) post 

irradiation/endocolonlzatlOn of murine femoral bone :narrow. Figure 

a) shows the decreased number of hemopoietic cells, however, sorne 

are still present in the parenchyma. Figure b) shows a parenchyma 

severely depleted of hemOpOletlc cells as compared ta day 1. In both 

figures, adipocytes (A) and megakanocytes (M) are present, and the 

sinUSOlds (8) are greatly expanded due to irradiation. The cortical 

bone (h) is seen 10 both radlOautographs Three week exposure 

period, a and b: 31 25x magmficatlOn 
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Figure 32. E.M radlOautograph of day 1 post alternate fraction 

irradiationlendocolomzation of murine femoral bone marrow. A cell 

depleted parenchyma reveals 2 large cells that seem to be of a young 

myelocyt1c (YM> nature. One of the cells 1S bordered by a macrophage 

(M) containing numerous phagocytic bodles Three month exposure 

period, 4 700x magnification. 
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Figure 33. E.M. radioautograph of clay 1 post irradiatlOnienclocolo

nization of murine femoral bone marrow. A colon y of neutrophilic 

progenitor cells (N) are In mtlmate contact with each other as weIl 

as with a central cell that seems stromal (St) in nature, however 

difficult to define. The neutrophilic cells may be connected by 

junctlOnal complexes (arrowheads). Three month exposure period, 

7 500x magnlfication. 
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Figure 34~ KM. radioautof;,,,aph of day 2 post irradiationlendocoIo

nization of munne femoral bone marrow. A small neutrophilic colony 

(N) containing a band neutrophll (NB) Three month exposure 

period, 10 200x magmficatlOn. 
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Figure 35. E.M. radioautograph of day 2 post irradiationlendocolo~ 

nization of murine Femoral bone marrow showing a large 

megakanocyte adjacent ta the endothelium (E) of a sinusoid (8). 

Three month exposure penod, 4 700x magnification. 
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Figure 36. E.M. radioautograph of day 2 post irradiationlendocolo

nization of murine femoral bone marrow showing 2 large 

macrophages (M) sca vengmg for debris as revealed by the 

numerous phagosomes and lysosomes. Three month exposure 

period, 6 250x magnIficatlOn. 
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Figure 37. L.M. radioautographs of clay 3 post irradiationlendocolonization 

of murine fernorai bone marrow Figure al shows a cluster of rnitotic 

hemopoietic cells (arrowheads) They are situated in a parenchymal 

islet, surronnded by slnusolds (Sl in the peripheral marrow. The 

cluster 18 adjacent to an artenole (a). Figure b> shows two B220· 

cells (arrowheadsl wlthw a parenchymal islet, surrounded by 

sinusoids (8) and near the cortIcal bone (bl. Three week exposure 

period, a: 64x, and b: 125x magmficatlOn. 
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Fiaure 38. E.M. radioautograph of day 3 post irradiation/endocolo-

nization of murine femoral bone marrow. A probabie 

neutrophilic progenitor 1S shown associated Wlth another 

undifferentiated hemopOletlc cell (UH), an extensive 

stromal reticular cell process 1 SR)( arrowheads) and a 

macrophage (M) The neutrophll and Its neighbouring 

hemopoietlc cell seem to be Jomed by JunctlOnal 

complexes (alTOWS), Three month exposure period, 11 250x 

magnifica tion 
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Figure 39. L.M. radioautographs ofday 5 post irradiatlOnJendocolonization 

of murine femoral hone marrow Figure a) shows a colony of 

hemopoietic cells, withm WhlCh, 4 mitotic cells can he seen 

(arrowheads). The ceUs are close to an arteriole (a) and are part of 

a parenchymal islet in the penpheral region of the bone marrow. 

Figure h) shows hemopOletlc colony formatIOn along the cortical hone 

(h). The marrow sinusOIds {SI are stIll distended. Three week 

exposure period, a: BOx, and b SOx magmfication 
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Figure 40. L.M. radioautographs of day 5 post irradiationJendocolonization 

of murine femoral bane marraw. Figure a) shows 3 B220· cells. The 

first cell is seen within a sinUSOld (S), adjacent ta the endothelium. 

The second cells is withm the parenchyma, adjacent to a sinusoid 

and the third cells lS wlthm the parenchyma, adjacent to the 

osteoblast layer underlymg the cortical bone (b). FIgure b) shows a 

B220+ cell adjacent ta the endathehal hmng of a sÎnusOld (8) and a190 

adjacem. ta an adlpocyte (A). Adipocytes (A), seen m both figures, 

were abundant. Three week exposure period, a. SOx, and b' 64x 

magmficatlOn. 
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Figure 41. L.M. radioautographs of day 5 post irradiationJendocolo

nization of murine femoral bone marrow. Figure a) shows 

a B220+ cell (arrowheads) adjacent ta the cortical bone (h) as weIl 

as a small capillary (C), FIgure b) shows 2 B220+ cells (arrowheads), 

one alonside the cortIcal hone 1 h) and the other ln a parenchymal 

islet. next to an artenole (a) Three week exposure period, a and b: 

50x magmfication 
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Figure 42. E.M. radioautograph of a B22o+ early B cell precursor (PB) at 

day 5 post irradiatlf)nlendocolonizatlOn in murine bone marrow. The 

labelled cell is located ln the penpheral region of the femoral bone 

marrow. The cell 18 of typlcal pro-B cell morphology; 1t is III contact 

with many thin strands of stromal reticular cell processes (arrows). 

At one end. the pro-B cell IS ln contact Wlth an endothelial cell (E) 

lining a sinusOld (S) and the other end is ln close proxlmity Wlth a 

nerve fiber contammg unmyelmated axons IN) Three month 

exposure penod. 22 BOOx magmficatlOn. 
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Figure 43. E.M. radioautograph of a lightly labelled B220+ early B cell 

precursor (PB) at day 5 post lrradiationJendocolomzation ln rnurine 

fernoraI bone marrow The positIVe cell has characteristics of early 

B cell precursor morphology and 15 sltuated ln the peripheral region 

of the marrow, where hemopOletlc regeneration 15 mostly occuring. 

The pro-B cell is m contact with thm processes of stromal retlcular 

cells (arrowheadsl and seems to be shapmg lts cytoplasm around 

one end of a nerve fiber (N) contammg unmyelmated axons. Three 

month exposure period, 10 OOOx magmficatlOn 
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Fil1lre 44. E.M. radioautograph of a 8220" early B cell precursor 

(PB) at day 5 post irradiatlOnJendocolonization in murine femoral 

bone marrow. The cell has an elongated shape suggesting motility. 

The cell is in con tact Wl th many strands of stroma! reticular cell 

processes (arrowheads). The 8 cell precur~or is situated within a 

thin stnp of parenchyma, adjacent to a sinusoid (8) on either side. 

Three month exposure penod, Il 500x magnification. 
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Figure 45. E.M. radioautograph of a B220· early B cell precursor at 

day 5 post irradiationlendocolonization in murine bone marrow. The 

B cell precursor is ln contact wlth a macrophage (M), stromal 

reticular cel! processes ISRP, arrowheads) and thr~~ C'Ïl'cular 

structures that may be cross sections of nerve fibers (arrows). 

Three month exposure penod, 22 BOOx magnification. 
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Figure 46. E.M. radioautograph of a B220· mature B cell (D) at day 

5 post irradiationJendocolonization in murine bone marrow. The B 

cell is within a capillary (Cl lined by an endothelial cell (E) which is 

adjacent to the cortical bone. Three month exposure period, 13 500x 

magnification. 
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Figure 47. E.M. radioautograph of a B220+ mature B cell (B) at day 5 post 

irradiatlOn/endocolonlzatlOn ln munne bone marrow. The B cellls 

surrounded by a thin layer of cytoplasm typlcal of stromal reticular 

processes (arrowheads) The B cell-stromal cell process complex is 

in turn enveloped by the cytoplasm of an adjacent cell: this cell is 

posslblya barrier cell 1 Ba) The B cell is in close proxlmity to a 

sinusoid (8) as we11 as a nerve bundle (N). Three month exposure 

period, 8 500x magmficatlOn 
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