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ABSTRACT

Blood e ry th ro cy te s  and le ukocy tes  w ere  ser ial ly  sampled  over  m a n y  m on th s  

f ro m  female  mice tha t  were h e te ro z y g o u s  at the X - c h r o m o s o m a l  locus

encod ing  the g lyco ly t i c  enzyme ph o s p h o g ly c e ra te  kinase (PGK-1). PGK-1A and

PGK-1B a l loenzymes we re  ident i f ied and quant i f ied e lec t r oph ore t i ca l l y .  There 

was l i t t le var ia t ion in PGK-1 p h en o ty pe  be tw een  serial sam ples  f r o m  individual  

mice. This smal l  a m o u n t  o f  var ia t ion was d iscussed in te r m s  of  the n u m b e r  of  

c lones par t ic ipat ing in h ae m ato p o ies is  and the c o n t r ib u t i o n  of  te ch n ica l  factors.

Simi lar  s tudies were  p e r fo rm ed  us ing radiat ion ch imaeras,  repop ulated  w i th  

ei ther  a high dose (107 cel ls) or  a l o w  dose (105 cel ls) o f  PGK-1AB bone

marrow.  The var ia t ion in PGK-1 p h e no ty p e  be tw een  serial  sa mp les  taken f r om

the animals repopulated w i th  a high dose of  bone m a r r o w  was c om p a rab le  to 

tha t  seen in normal  animals.  In cont ras t ,  the var ia t ion obs erved  in the  l o w -  

dose ch imaeras was. rela t ive ly large. These animals  w e re  used to  s tudy  the 

clonal organisat ion of  the h a e m ato p o ie t i c  system.

The d e v e lo p m e n t  of  B ly m p h o c y te s  carry ing  the X - l i n k e d  i m m u n o d e f i c ie n c y  

mutat ion (x id) was s tud ied in mice tha t  w e re  he te rozygo us  at both  the x[d and 

the Pgk-1 loci.

An abnormal l ly  large popula t ion  of  B l ym p h ocy te s ,  pos sess ing  an charac te r is t ic  

mem brane  phenotype,  was observed  in the per iphera l  b lood  of  a g roup  of  

exper imenta l  mice. This behaved as a t ransplan tab le  neoplasia.  Subsequent ly ,  

s imi lar  popu la t ions  were  found  in several  aged ( > 2  years)  CBA/Ca mice. A 

pre l im inary  charac ter isat ion of  the se  cel ls was carried ou t  and th e i r  possible 

relevance to  hum an chr on ic  l y m p h o c y t i c  leukaemia (CLL) was  d iscussed.
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CHAPTER 1. GENERAL INTRODUCTION

The Haem ato po ie t ic  Syste m

C e l l - renew a l  sys tem s  such as haem a to p o ie s is ,  s p e r m a to g e n e s is  and epi thel ial  

g r o w th  have been used expe r im en ta l l y  in the s tudy  of  m e c h a n is m s  inv olved in 

d e v e lo p m e n t  and cell d i f fe ren t ia t ion  (Pot ten et al, 1979; Till & McC ul loch,  1980). 

The h a e m a to p o ie t i c  s ys te m  is pa r t icu la r ly  usefu l  because the m a tu re  b lood 

cel ls are easi ly d is t ingu ishable  and access ib le  fo r  analysis.  The s y s te m  exists 

as a h ierarchy of  p l ur ipotent ,  c o m m i t t e d  and m a tu r in g  cell popu la t ions  

con t inua l ly  d i f fer ent ia t ing into at least  e igh t  d i f fe re n t  cell types;  ery th rocy te s ,  

granu locytes ,  B and T ly m p h o c y te s ,  m a c rophag es ,  platelets,  m ast  cel ls and 

osteoc lasts .  These d i f fe rent ia ted end cel ls have a f in i te  l i fespan and, w i th  the 

except ion of  ly m p ho cy te s ,  have on ly  l im i te d  capabi l i t ies  fo r  cel l  d iv is ion.  They 

must , therefore,  be c on t i nua l l y  replaced by s tem cel ls t h r o u g h o u t  the l i fespan 

of  the animal.  H ae m ato p o ie t i c  s te m  cel ls are capable  o f  m a in ta in in g  the i r  

nu m bers  by s e l f - re n e w a l  and, in respo nse to  approp r ia te  s t imul i ,  d i f fe ren t ia t ing  

into fu nc t io na l ly  mature end cel ls (Lajtha et al; 1962; Lajtha, 1979). Li t t le is 

known about  the or ganisat ion  of  the s te m  cell  pool  in s teady-s ta te  con di t io ns .

The f i rst  quant i ta t ive assay fo r  h a e m a to p o ie t i c  s tem  cel ls was the spleen 

co lony  assay (Till &  McCul loch,  1961; McC u l lo ch  et al, 1964). Bone m a r r o w  

cel ls in jected into heavi ly i r rad iated or  ge ne t i ca l ly  anaemic  re c ip ie n ts  fo rm  

macroscop ic  co lon ies in the spleen w i th in  7 - 1 4  days. Indiv idual  spleen 

colon ies co nta in  in the o rder  o f  106 recogn is a b le  h a e m a to p o ie t i c  cel ls and have 

been shown to  ar ise f r o m  a sing le  cel l  (c o lony  f o r m i n g  uni t  -  sp leen (CFU-S)) 

(Becker et al , 1963; Wu et al, 1967). CFU-S inc lude m u l t i p o t e n t  cel ls g iv ing rise 

to cel ls of  the mye lo id  l ineage (Till &  McCul loch ,  1961; Fow ler  et al , 1967; 

Ki tamura et al , 1981) and the l y m p h o id  l ineage (Trent in et al, 1967; No we l l  et al , 

1970; Abram s o n  et al, 1977). The s e l f - r e n e w a l  capac i ty  o f  s o m e  CFU-S  was 

d em ons tr a te d  by in ject ing excised co lo n ie s  in to a sec ond i r rad ia ted h os t  and 

observ ing spleen c o lo n y  fo r m a t io n  in these  animals  (S im in ov i t ch  et al , 1963).

The spleen c o lo n y  assay can be used to  e s t im a te  the n u m b e r  o f  poten t ia l  s tem 

cel ls (CFC-S) in a g iven cell suspe ns io n if a seeding f a c t o r  " f "  is taken into 

ac co un t  (S iminov i tch et al, 1963). The " f "  n u m b e r  has been ca lcu la ted by



several  worke rs  (S im in ov i t ch  et al, 1963; Playfair  & Cole, 1965; Fred & Smith,

1968; Metca l f  8* Moore, 1971) and an average f igu re  of  10% has been

est imated.  Thus a p p ro x im a te ly  10% of  the CFU-S  p res en t  in the in jected

in ocu lu m  wi l l  f o r m  spleen co lon ies.  Using this app roach it has been ca lcu la ted 

tha t  "s tem "  cel ls exist  at a f r eq u e n c y  of  10~3 in bone m ar row .

Spleen co lon ies w e re  s h o w n  to d i f fer  in size (Till &  McC ul loch ,  1961) w h ic h  was 

the f i rst  ind icat ion th a t  the s tem cell pool  m i g h t  be h e te rogeneous .  There is 

n o w  substant ia l  expe r imen ta l  ev idence in f a v o u r  o f  an "age s t ru c tu re "  w i th in  

the s tem cell pool ;  those  w i th  a l o nger  m i t o t i c  h is to ry  hav ing an increased 

chance of  pro l i ferat ion and d i f fe rent ia t ion but  a reduced  chance  of  s e l f - r e n e w a l  

(Schof ield,  1970; Rosendaal  et al , 1976; Hei lman et al , 1978). H odgson  &

Bradley (1979) sh o w e d  tha t  m o re  pr im i t i ve  s te m  cel ls f o r m e d  " late"  co lon ies  

(10 -12 days af ter  in ject ion) w hereas  "ear ly"  co lon ie s  (8 days) were  f o r m e d  f ro m  

a m ore mature po pu la t io n  of  s tem  cells. This, and o th e r  ev ide nce (see Chapte r  

4 fo r  a fu l ler  d iscuss ion),  has raised do u b ts  a bou t  the spleen c o lo n y  te c h n iq u e  

as an assay f o r  s tem cel ls capable o f  l o n g - t e r m  m a in ta in a nce  of

haematopoies is .

In v i t ro  studies

Var ious cu l ture  m e th o d s  have been develop ed  f o r  the g r o w t h  of  h a e m a to p o ie t ic  

s tem cel ls and c o m m i t t e d  p rogen i tors .  The r e g u la to ry  p rocesses  invo lved in 

s tem cell d i f fe ren t ia t ion can, therefo re,  be s t ud ied m o re  d i rect ly  (Lord, 1983). 

The f i rst  such cu l ture  m e th od  was a s e m i - s o l i d  agar  s ys te m  w h ic h  s u p por te d  

the g r o w t h  of  g ra n u lo cy te  and m a c ro p ha g e  p r o g e n i to rs  (Pluznik & Sachs, 1965; 

Bradley & Metcal f ,  1966). Subsequent ly ,  cu l ture  m e t h o d s  have been develop ed  

fo r  ery th ropo ie s is  (Stephenson et al, 1971), m e g a k a ry o p o ie s is  (M etca l f  et  al, 

1975a; Nakeff  & Dan ie ls -M cQ ue en ,  1976) as wel l  as l y m p h o p o ie s is  (W h i t lo ck  8t 

Wit te,  1982). In addi t ion,  it is poss ible  to  g r o w  mixed co lon ies  (CFC-mix )  tha t  

conta in  more than one ha em a to p o ie t i c  l ineage (Johnson 8t Metca l f ,  1978; 

Metca l f  & Johnson ,  1978; Fauser 8< Messner ,  1979). Perhaps the m o s t

im p o r t a n t  de v e lo p m e n t  in v i t ro  came w i th  the ab i l i ty  to  g r o w  bone m a r r o w  in 

l o n g - t e r m  cul tu re  (Dexter  & Lajtha, 1974; Dexter  et  al, 1977). This s ys te m  is 

capable of  sup por t in g  g r o w t h  of  bone m a r r o w  cel ls, inc lud ing s tem cel ls,  ov er  a

per iod of  several  mon ths .  The m e th o d  invo lves  the es ta b l i s h m e n t  o f  an



adheren t  layer w h ic h  is made up of  m any  d i f feren t  cell ty pes  ( f ib ro b la s t - l i ke  

cel ls, fat cells, endothel ia l  cel ls and macrophag es)  (Reinke et al, 1981; A l len & 

Dexter, 1983) re f lect ing  the s t ruc tu re  of  bone m a r r o w  s t r om a  in v ivo (Allen,

1978). The s t rom al  layer can be seeded w i t h  s tem cel ls by the addi t ion of 

bone mar row;  h a e m a to p o ie t i c  ac t iv i ty  can then be ma in ta in e d  o ver  long 

per iods.  Such cu l tu res have been used in m any  h a e m a to p o ie t i c  in ves t ig a t i ons  

inc lud ing the nature of  som e gen et ic  defects  and the ef fects  of  var ious  factors  

on d i f ferent ia t ion.

St imulators  and inh ib i to rs  w h ic h  act  at the s tem cel l  level have been isolated 

f r o m  bone m a r r o w  (Lord et al , 1976; Lord et al , 1977) and f ro m  long te rm  bone 

m a r r o w  cul tures (Tokzoz et al, 1980; Cronk i te  et al, 1983) and th e i r  e f fects  on 

s tem cell pro l i ferat ion have been assessed (Burgess & Nicola, 1983; Cronk i te 

et al, 1983; Dexter  et al, 1983; W r ig h t  et al, 1985). The p ro l i f er at io n and 

d i f feren t ia t ion of ha e m ato p o ie t i c  pr ec ur so rs  in v i t ro  have been s h o w n  to  be 

regulated by m u l t i - l i n e a g e  and l i n e ag e -s p ec i f i c  h a e m a to p o ie t i c  g r o w t h  fac to rs  

(HGFs) (Stanley & Jubinsky, 1984). L ineage-spec i f ic  HGFs inc lude  e r y th ro p o ie t i n  

(Miyake et al, 1977) and co lo ny  s t i m u l a t i n g - f a c t o r  (CSF-1) (Gui lber t  & Stanley, 

1980) and are rest r ic ted to the er y th ro id  and m a c ro ph a g e  l ineages respect ive ly .  

M u l t i - l i ne a ge  HGFs include h a e m a t o p o i e t i c - c e l l  g r o w t h  f a c t o r  (HCGF) (Bazill 

et al, 1983), in te r le uk in -3  (IL—3) (Ihle et al, 1982) and a fa c to r  w i t h  e ry th ro id  

b u r s t - p r o m o t i n g  ac t iv i ty  (BPA) ( Iscove et al, 1982). It is t h o u g h t  th a t  l ineage-  

speci f ic  HGFs regulate  dev e lo p m e n ta l l y  late cel ls wh i le  m u l t i - l i n e a g e  HGFs 

regulate the deve lo p m enta l l y  early p rec ur so rs  ( Iscove et al, 1982; Stanley & 

Jubinsky,  1984). Several  s tud ies ind icate tha t  the p le io t r op ic  res pons e to HGFs 

is s imi lar  to the ef fects  caused by o th e r  g r o w th  fac to rs  such as ep idermal  

g ro w th  fa c to r  (EGF) and p la te le t - d e r iv e d  g r o w th  f a c to r  (PDGF) on th e i r  

respect ive ta rget  cel ls (Stanley & Jubinsky, 1984). Re lat ionships  be tw een  

g r o w th  factors,  g r o w th  fac to r  rec ep to rs  and p r o t o - o n c o g e n e  p ro d u c ts  have 

been descr ibed (Mar t inet  et al, 1986; Bargmann et al, 1986). For example,  the 

s t ructura l  gene fo r  the CSF-1 re ce p to r  has been s h o w n  to  be re lated to  the 

c - f m s  oncoge ne  (Sherr et al, 1985). These and o th e r  o b se rva t i o n s  s u p p o r t  the 

th e o ry  that  s imi lar  m echan ism s  are invo lved in the no rm a l  d i f f e re n t i a t i on  and 

pro l i ferat ion of cel ls and in the uncont ro l l ed  p ro l i f erat io n th a t  leads to  

mal igna ncy  (Hunter,  1984).
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Whi le the in v i t ro  c o l o n y - f o r m i n g  te c h n iq u e s  have been useful,  It is actua l ly  the 

p rog eny tha t  are being ob serv ed  ra ther  than the s tem cel ls themselves .  

Despi te the i r  un ique b io log ica l  proper t ies ,  a t t e m p t s  to obta in  pure s tem  cell 

populat ions have proved d i f f ic u l t  s ince they  share many  phys ical  proper t ies  

w i th  o the r  h a em a to p o ie t i c  cel ls. However ,  f r a c t i o n s  of  bone m a r r o w  enr iched 

in the i r  CFU-S c o n te n t  have been separated by ve lo c i t y  se d im e n ta t i o n  (Wor ton  

et al, 1969) and dens i ty  g radien t  c e n t r i f u g a t io n  (Turner  et al, 1967; van Bekkum 

et al, 1971; Ni jhof  & Wierenga,  1983).

Cell sur face markers  on s tem cel ls have also helped in th e i r  isolat ion.  Nicola 

et al (1981) used f l u o r e s c e i n - c o n j u g a t e d  pokew eed  m i to g e n  (PWM), 

r h o d a m m e - c o n j u g a t e d  a n t i - n e u t ro p h i l  sera and t h r e e - p a r a m e t e r  cel l  so r t in g  to 

obtain cell po pu la t io ns  enr iched f o r  CFU-S. T w o  subse ts  o f  CFU-S were 

ident i f ied which  d i f fered in the i r  t i m e - c o u r s e  of  spleen co lo n y  fo rm a t io n ,  the 

size and p ro g e n i to r  c o n te n t  of  the spleen co lon ies  they  generated  and in the i r  

capaci ty  for  generat ing CFU-S and C F C -m ix  in suspens ion cu l tu re  (Nicola & 

Johnson,  1982). Harris et al (1984) fo und  a d i f ference in Q a - m 2  ant igen 

expression between s u bp op u la t i ons  of  CFU-S f o r m in g  early and late spleen 

colonies.  They used this p roper ty  to pur i fy  m u l t ip o te n t i a l  ha e m a to p o ie t ic  s tem 

cel ls f r om  l y m p h o c y t e - d e p le t e d  bone m a r row .  More recently,  S p o o n c e r  et a[

(1985) sor ted po pu la t ions of CFU-S appro a ch in g  100% pur i ty  f rom  w h e a t  germ 

agglut in in  label led bone m a r r o w  cel ls us ing a m od i f ic a t i on  of  th e  e lect ron ic  

sor t ing techn iqu e  descr ibed by Visser et al (1984). However ,  the  abi l i ty  o f  

pur i f ied s tem cell popula t ions to estab l ish l o n g - t e r m  repopu lat ion in d i rect  

c o m p e t i t io n  w i th  no rm al  m a r r o w  has not  been dem on st ra ted.

Cell Markers

The val id i ty  of  in v i t ro  s tudies m u s t  u l t im a te ly  be assessed in v i v o . This 

genera l ly  requi res the use of cell markers  to  def ine par t icu lar  cell popu lat ions.  

Many d i f fe rent  cel l  markers  exist  and the choice of  marker  depends  on the 

ques t ions  being asked, the cel ls unde r  s t udy  and the degree of  prec is ion 

requi red. H o w ever  th e y  should  ideal ly m e e t  the cri ter ia d iscussed by McLaren 

(1975), O s te r -G ra n i t e  &  Gearhar t  (1981), W es t  (1984) and Ansel l  &  Mick lem

(1986). The marker  should  be: (1) cel l  local ised, not  secreted extracel lu lar ly ;  (2) 

cel l  au tonomo us ,  no t  t rans fe r red b e tw e en  cel ls or  a f fect ing o th e r  cel ls; (3)



stable for  the l i fet ime of  the cel l  and its daugh te rs ;  (4) ub iq u i to us  -  in all cel ls 

under  s tudy and at all s tages of  d e v e lo p m e n t ;  (5) easy to d e te c t  and, where  

appl icable,  to measure w i th  s o m e  prec is ion;  and (6) d e v e l o p m e n t a l ^  neut ral  -  

no t  af fect ing a cel l 's be h av io u r  or  con fe r r in g  any ph ys io lo g ic a l  advan tage  or 

disadvantage.

Various markers have been used in the s tudy  of  haem ato p o ie s is .  Over  25 years 

ago, Barnes et al (1959) ident i f ied un ique c h r o m o s o m e  abnorm a l i t i e s  in 

haem ato p o ie t ic  t issue of  m ice  surv iv ing large doses of  ion iz ing radiat ion.  

These c h r o m o s o m e  markers,  genera ted at rando m, pr ov id e  un equ ivoca l  markers  

fo r  every metaphase cell  desce nd ed  f ro m  the cel l  in w h ic h  the marker  was 

induced. Studies using such r a d ia t io n - in d u c e d  c h r o m o s o m e  markers  pro v ided 

ev idence fo r  the clonal  nature of  the spleen c o lo n y  (Becker  et al , 1963; Wu 

et al, 1967) and the p lu r ip o te nc y  of  the CFU-S (Barnes et al , 1959; Wu et al, 

1967, 1968; Nowel l  et al, 1970; A b ra m s o n  et al, 1977). In addi t ion A b ra m s o n  

et al (1977) found  ev idence  fo r  a m y e l o i d - l i n e a g e  res t r ic ted and a T 

l y m p h o c y te - l i n e a g e  rest r ic ted s tem cell using th ese  markers.

The T6 c h r o m o s o m e  m arker  (T 14:15/6Ca)  was o r ig ina l ly  der ived f r o m  a 

rec iprocal  t rans loca t ion be tw een  c h r o m o s o m e s  14 and 15 in an i r radia ted male 

m ouse  (Carter et al, 1956). This marker  has been used to  inves t iga te  

haematop oies is  in w h o l e - b o d y  or  p a r t - b o d y - i r r a d i a t e d  mice re p opu la ted  w i th  

bone m a r row  and in parabiosed animals  (Ford et al, 1956; Harr is et a I, 1964; 

Mick lem et al, 1966; Ford et al, 1966; M ick lem  et al, 1975a,b; Wal l is et al, 1975; 

Mick lem & Ross, 1978). Brecher  et al (1981, 1982) used the p res ence or 

absence of the Y c h r o m o s o m e  af ter  in ject ion of  male bone m a r r o w  in to  female  

rec ip ients  and vice versa. A l t h o u g h  c h r o m o s o m e  markers  have been useful,  

th e i r  rest r ic t ion to  d iv id ing cel ls l imi ts  th e i r  app l icat ion.  The f rac t io n  of  cel ls 

avai lable fo r  s tudy  may not  be represen ta t ive o f  th e  w h o le  t issue.

There are a nu m be r  of  markers  th a t  are res t r ic ted to  par t icu lar  cel l  ty pes  and, 

a l though this p roper ty  can be a l im i t i ng  factor ,  it is o f ten useful  w h e n  analys ing 

speci f ic  cell types  w i th in  a h e te rog e n e o u s  popula t ion.  The beige m ouse  

muta t io n  (bgJ/ b g J) has the ef fect  o f  c lu m p in g  a n d / o r  en la rg ing c y to p la s m ic  

granules in mast  cells, g ra n u lo cy te s  and o s teoc las ts  (Ol iver  & Essner, 1975; Ash 

et_al, 1980). The beige marker  has been used to  s tu dy the d i f fe ren t i a t ion  and
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develop men ta l  or ig in  of these  cell types  (Mur ph y at a I, 1973, K i tamura at al, 

1977 1981, Ash et al, 1980). M o n o c lo n a l  an t ibod ie s or  ant isera to  cell 

m em b ra n e  a l loan t igens have also been used to  f o l l o w  par t icu lar  cell 

populat ions.  For example,  the a l loan t igens  co ded fo r  by al leles o f  the Th y-1  

locus ( T h y - 1 . 1 and T h y - 1 . 2) can be used to  s tu dy  T l y m p h o c y t e s  (Ezine et al, 

1984) and s t ra in -sp e c i f i c  var iants of  im m u n o g l o b u l i n  a l lo type s  can be used as 

markers  for  B ly m p h o c y te s  (Bosma et al, 1980; Green, 1981). Haem og lo b in  

var iants arise f r om  p o ly m o r p h i s m s  at the a lp ha -c h a in  (Hba) and b e ta -c ha in  

(Hbb) s t ructura l  loci (Russel l  8< McFar land,  1974) and can be separated 

e l ec t rophoret ica l ly  (Whi tney,  1978). The m any  var iants  have been used as 

markers fo r  e ry th rocy tes  in several  exp er im en ta l  s y s te m s  (M urphy  et al , 1973; 

Russell & Bernstein, 1968).

Marked animals are general ly  c o n s t r u c te d  by exper im en ta l  m an ipula t ion.  In 

haemato l og ica l  research the m o s t  c o m m o n  m e t h o d  is to  t r a ns p la n t  bone 

m a r r o w  or  isolated hae m a to p o ie t i c  cel l  p o pu la t ions  in to normal ,  X - i r ra d ia te d  or 

o th er w ise p recond i t ioned animals  (Mick lem  & Lout i t ,  1966; van Bekkum & de 

Vries, 1967; Brecher et al, 1982). Tet raparenta l  m ice  (or agg re g a t i o n  ch imaeras)  

can be c ons t ruc te d  by the a g grega t ion  of  t w o  or  m ore  genet ica l ly  d is t inc t ,  

pre imp lan tat ion em bryos  (Mintz,  1964; B o w m a n  & McLaren, 1970). Up to 

sixteen embryos ,  as wel l  as isolated b la s to m e re s  or  par ts o f  em bryos ,  have 

been com bined in this way  (Mintz,  1975). H a e m a to p o ie t i c  ch im aeras  can also 

be made by in ject ing foetal  l iver  h a e m a to p o ie t i c  cel ls into the placental  

c i rcula t ion of  W - m u t a n t  mice at 11 days of g es ta t i on  (F le ischman & Mintz,  

1979; F leischman et al, 1982). Since both rec ip ien t  fo e tu s  and the d o n o r  cel ls 

are im m u n o lo g ic a l l y  immature,  a l logeneic  c o m b in a t io n s  can be used w i t h o u t  

com p l ica t io ns  resul t ing f r o m  g r a f t - v e r s u s - h o s t  or  h o s t - v e r s u s - g r a f t  react ion.  

Donors  cell were  sh own to  give rise to  several  cel l  l ineages (er y throcy tes ,  

granulocytes,  B and T ly m phocy te s )  us ing l i n e a g e -s p e c i f ic  cell markers  (Mintz 

et al, 1984).

Glucose phospha te isomerase (GPI) and p h o s p h o g ly c e ra te  kinase (PGK) are 

enzymes of  the g lyco ly t i c  pa th w ay  and are pr esent  in all cel ls. The s t ructura l  

locus fo r  GPI— 1 is on c h r o m o s o m e  7 and f o u r  al leles have been ident i f ied.  T w o  

of these (Gpi -1 sa and G p i - 1 s b) exist  in c o m m o n  inbred st rains  (Green, 1981) 

and have been used in this s tudy  to  d is t ingu ish be tw ee n  d o n o r  and h os t  cel ls



in bone m a r r o w  t r ansp lan ta t ion studies.

A var iant  of  ph o s p h o g ly c e ra te  kinase (PGK-1A)  .(Nielsen & Chapman,  1977) is 

par t icular ly  useful  because the s t r uc tu ra l  locus for  PGK 1 is on the X 

c h r o m o s o m e  (Kozak et al, 1974; Cha pm an  & Shows,  1976). Early in 

de ve lo p m en t  one of  the t w o  X c h r o m o s o m e s  in fe m a le  cel ls is inac t ivated 

(Lyon, 1961; 1974). Consequent ly ,  in fem ales  h e te ro zyg o u s  at the PGK-1 locus 

individual  cel ls wi l l  express e i ther  the var iant  (PGK-1 A) or  the no rm a l  ( P G K - 1B) 

fo rm  of the enzyme,  not  both. This resul ts  in h e te ro z y g o u s  fe m a le s  being 

natural  mosaics;  they  wi l l  cons is t  of  t w o  d is t ingu ishable  cell ty p e s  w i t h o u t  the 

need for  exper imenta l  manipula t ion.  X c h r o m o s o m e - i n a c t i v a t i o n  m o sa ics  are 

useful  in ce l l - l ineage analysis and in the e s t i m a t i on  of  fo u n d e r  cel l  n u m be rs  in 

normal  animals (see Chapter  4). Var iants  of  the X - l i n k e d  en zym e  g lu c o s e - 6  

phosphate dehy drog enase  (G6PDH) have been found  in man and used to 

analyse c lonal i ty  of  tu m o u r s  and to  estab l ish f o u n d e r  cell nu m b e rs  f o r  d i f fe rent  

t issues (Fialkow, 1973; Fialkow, 1983).

Genet ic  Mutants

Animals  wi th  muta t ions  af fect ing the d e v e lo p m e n t  a n d / o r  regu la t io n of  spec i f ic  

blood cell l ineages have been va luable t o o ls  in h a e m a to p o ie t i c  research.  They 

have prov ided in f o rm at ion  on the norm al  d e v e lo p m e n t  and fu n c t io n  of  these  

cel ls as wel l  as he lping in the unders ta n d in g  of  ana logous h u m a n  diseases. 

Perhaps the best  def ined m ouse  haem ato log ic a l  defects  are W / W v and S l / S ld 

caused by m uta t i ons  at the W ( c h r o m o s o m e  5) and the Steel ( c h r o m o s o m e  10) 

loci respect ive ly  (Russell, 1979). Despi te  super f ic ia l  s imi lar i t ies,  th ese  m u ta t io n s  

cause separate but  c o m p le m e n ta r y  ha em ato log ic a l  defects.  The chronic,  

modera te  anaemia of  W / W v mice is cured by a t ransp la n t  of  no rm a l  m a r r o w  

(Russell  et al, 1956), which sugges ts  tha t  there is a de fe c t  in the s te m  cells. 

When t ransplanted,  W / W v stem  cel ls fail  to  fo rm  spleen co lon ies (McCul loch  

et al, 1964) a l thou gh they  can popu la te  and save letha l ly  i r radia ted rec ip ien ts  

(Harrison, 1972). These rec ip ients  d isp lay the haem ato lo g ica l  de fects  typ ica l  o f  

the W / W u donor . The s tem cel ls in S l / S ld mice appear  to  f u n c t io n  no rm a l l y  

(McCul loch et al, 1965), but  the i r  t issues give defect ive  s u p p o r t  to  s te m  cell 

pro l i ferat ion and d i f ferent ia t ion (Al tus et al, 1971). An in tact  spleen g ra f t  f r o m  a 

normal  or  W / W u d o n o r  s ign i f ic an t ly  al leviates the S l /S ld anaemia a l th ough

7



in ject ion of  no rm al  cel ls is c o m p le t e ly  in ef fec t iv e (Al tus et al, 1971). The 

proper t ies  of  W / W u and S l / S ld de fects  in v i t ro  m im ic  the in v ivo resul ts.  W / W v 

m a r r o w  can pr ov ide an adhe re n t  layer  fo r  S l /S ld s tem cel ls in long te r m  bone 

m a r r o w  cul tures,  but  the reverse c o m b in a t io n  fai ls (Dexter  & Moore,  1977).

Not  all genet ic  var ia t ions are im m e d ia te l y  o b v io u s  in the in tact  an imal  because 

com pe n s a t i o n  processes can ope ra te  to  assure a ba lanced p r od u c t io n  of  b lood 

cells. Exper imenta l  man ip u la t io ns  in v ivo and in v i t ro  have revealed variants, at 

several  gene t ic  loci invo lved in h a e m a to p o ie t i c  regulat ion.  An ex ample  of  this 

is the Fv-2 locus in the m o u s e  w h ic h  af fects  the pe rcen ta g e  of  p r im i t i ve  

ery thro id  prec ursors  (e ry thro id  b u r s t - f o r m i n g  cel ls, BFU-E) syn thes iz in g  DNA 

(Suzuki & Axel rad,  1980). The F v - 2 - m e d i a t e d  d i f ferences  were  d isc overed  by 

t reat ing animals  w i th  3H - T h y m id in e  then assay ing fo r  surv i v ing BFU-E in v i t r o . 

In m ous e strains carry ing the Fv 2r/r allele, less than 10% of  BFU-E were 

engaged in DNA synthes is  co m p a re d  to 60% in F v - 2 s/s strains.  In sp i te  of  this 

s ign i f icant  effect,  no c o n s p ic u o u s  hae m a to lo g ic a l  d i f ferences  have been 

repor ted fo r  st rains  bear ing the d i f feren t  Fv -2  al leles (Russel l  & Bernstein,  1966; 

Suzuki & Axelrad, 1980). This ind ica tes  the  ex tent  to  w h ich  c o m p e n s a t o r y  

processes can operate.

Some muta t ions  af fect ing B l y m p h o c y t e  d i f feren t ia t ion  are on ly  de te c te d  using 

in v ivo or in v i t ro  exper imenta l  man ipula t ion.  M ost  of  these  have been 

ident i f ied by abnormal  response to  ant igen s t im u la t i on  (Amsbaugh,  et al, 1972; 

Shinohara et al, 1978; Marsh et al, 1977). Perhaps the best  cha ra cter ised  is the 

X - l inked  i m m u n o d e f i c ie n c y  m u ta t io n  (x id ) o f  CBA/N mice (Scher, 1982), w h ic h  is 

m ore ful ly  d iscussed in Chapter  6.

The fo l l o w in g  chapte rs  descr ibe exper im en ts  using a l l oenzym e markers  to 

s tudy some aspects  of  h a e m a to p o ie t i c  d i f ferent ia t ion.
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CHAPTER 2. MATERIALS & METHODS

This sect ion wi l l  descr ibe m e th o d s  tha t  are c o m m o n  to  several  chapters.  

Speci f ic mater ials  and m e th o d s  wi l l  be descr ibed in the re levant  chapters.

1 M ic e .

The X c h r o m o s o m e - e n c o d e d  en zym e PGK-1 exists in t w o  e le c t r o p h o re t i ca l l y  

d is t inc t  al lel ic fo rms,  PGK-1B (present  in all s tandard lab ora to ry  st rains) and the 

var iant PGK-1A (Nei lson & Chapman,  1977). Mice car ry ing  the var iant  on a 

C3H/HeHa background were  or ig ina l l y  obta ined f r o m  Dr. J.D. W es t  (Sir Wil l iam 

Dunn School  of  Pathology,  Oxford).  C onge n ic  C B A / C a - P g k - 1 a mice were 

produced by ba ckcross ing  the P g k - 1 a al lele o n to  the CBA/Ca backgroun d  fo r  20 

generat ions.  This was carried ou t  by D. Bur ton,  J. Lennon and the author .  All 

mice used were  bred and main ta ined in the Z o o lo g y  D e p a r tm e n t  m o u s e  house.

C B A / C a - P g k -1 ab fem ales  were  produced  by m a t in g  CBA/Ca males wi th  

C B A / C a - P g k - 1 a females or  v ice ve rsa . Breeding mice were  main ta ined wi th  

one male and one female  per  cage (size M1, NKP m o u s e  cages)  on a diet  o f  BP 

Rat and Mouse No. 3 Stock breeding diet  (BP, Special  Diet Serv ices)  and 

ch lo r inated tap w a te r  ad l i b i tu m . Of fsp r ing w e re  weaned  at 21 days post  

pa r tum and were  t ransfer red  to  s to c k  cages (size MB1, NKP m o u s e  cages). 

Each cage conta ined up to  20 mice.  S tock and exper imenta l  an imals  were 

a l lowed access to  BP Rat and M ouse  No.1 Standard Mainta inance  Diet  (BP, 

Special  Diet Ser ivices)  and ch lo r in ated tap w a te r  ad l i b i t u m .

The C B A / C a - G p i - 1 s a mice used in these  e xper im en ts  were  de scend an ts  o f  a 

breeding nuc leus of  mice p rov ided by Dr. M.J. Marshal l  (Charles Salt Research 

Centre, Oswestry ,  U.K.). Our  o th e r  s tocks of  CBA/Ca mice are G p i - 1 s b.

2. PGK-1 a l l oenzyme analys is .

(a) E le ct rophores is . The e le c t ro p h o re t ic  te c h n iq u e  descr ibed b e lo w  was  based 

on the w o r k  o f  Bucher  et al (1980) using m o d i f i c a t io n s 'd e s c r ib e d  fu l ly  by Ansel l  

& Mick lem (1986). The t w o  PGK a l loenzyme s (PGK-1A and PGK-1 B) were
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separated e le c t ro p h o re t i c a l l y  using T itan III ce l lu lose acetate  m e m b ran e s  

(Helena Labs. M.l. Sc ient i f ic)  in the fo l l o w in g  e le c t r o p h o re s is  buffer : 20mM 

sod ium barbital ,  10mM sod ium  ci t rate,  5m M  m a g n e s iu m  sulphate and 2m M 

EDTA (pH 8.8). Cel lu lose aceta te  m e m b r a n e s  (hereaf ter  refer red to  as gels) 

were soaked in e lec t r ophores is  buf fer  fo r  20 m in u te s  and excess buf fer  was 

blo t ted before use. Cell lysates (7.5ul) w e re  placed in the app l ic a to r  wel ls  and 

a "super  Z" appl ica to r  (Helena Labs.) was used to load samples at the cathode  

end of  the gel. The gels were  placed on a Helena e le c t r o ph o re s is  tank (br idge 

w id th  -  7cm.) w h ic h  had 50ml. o f  e le c t ro p h o re s is  buf fer  c on ta in ing  adenosine 

m on o p h o s p h a te  (AMP)(0.25mg/ml)  in both  cathodal  and anodal  chambers.  A 

10gm we ight ,  placed on top of  the gel, ensured an even c o n ta c t  w i t h  the f i l ter  

paper wicks (Helena Labs.). E lec t ro phores is  was carr ied ou t  at 15mA per gel 

fo r  50 mins at 4°C to  p rev en t  PGK denatu rat ion .

(b) PGK enzym e as say . The enzyme assay fo r  PGK is s h o w n  in Figure 2:1. The 

unstable subst ra te  of  PGK, 1,3 d ip h osp h o g ly ce ra te ,  was prepared in si tu by 

l inking the reac t ions  cata lysed by a ldo lase (ALD: E.C. 4.1.2.13), g lyce ro l - 1  

phosphate dehyd ro g e n ase  (GDH: E.C. 1.1.1.8) and g l y c e r a l d e h y d e - 3 - p h o s p h a t e  

dehydrogen ase  (GAPDH: E.C. 1.2.1.12). In the pre sence of  f ru c to s e -1 ,6

diphosphate and n ico t in a m id e  adenine d in uc le o t ide  (NAD) this s ys te m  catalyses 

the f o rm a t io n  of  1 ,3-d iph osphog ly ce ra te .  PGK cata lyses the co nve rs io n  of  1,3 

d ip hosp hog ly ce ra te  to 3 - p h o s p h o g l y c e r a t e  and the phosph a te  p roduc ed  is 

t ransfer red to adenosine d ip hosp ha te  (ADP) p roduc in g  adeno sine  t r i phosph a te  

(ATP). ATP couples the test  sys te m  to  one of  t w o  ind ic a to r  sys te m s  via the 

react ion catalysed by hexokinase (HK: E.C.2.7.1).

Tet razol ium in d ica to r  s y s t e m . NADPH p ro duced  f r o m  the react ion cata lysed by 

g lu c o s e - 6 - p h o s p h a t e  de hy drog enase  (G6PDH: E.C. 1.1.1.49) is l inked t h ro ug h  

phenazine m e th o s u lp h a te  (PMS) to reduce d im eth y l  th ia z o ly l -d ip h e n y l  

te t razol ium b rom ide  (MTT). A blue c o lo u r  ind icates the presence of  PGK in the 

system.

— C ind icato r  s y s t e m . The addi t ion of  14C - g lu c o s e  as a subs t r a te  fo r  the 

react ion catalysed by hexokinase resul ts in the in co rp ora t i on  of  14C into the 

ind icato r  system.  The 14C label led p ro d u c ts  o f  the hexokinase and G6PDH

10



Figure 2:1

Diagram of biochemical pathways involved in the 

phospho-glycerate kinase assay.
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react ions (g lu cose—6—ph osph a te  and 6 p h o s p h o g lu c o n a te )  bind i r revers ib ly  to 

po lye thy len e ¡mine ce l lu lose TLC sheets  via th e i r  ph osph a te  groups.  14C can 

then  be visual ised by au to rad iog raphy .

(c) PGK staining mix tures

PGK assay s tock and in d ica to r  s toc k so lu t io n s w e re  a l iquo ted (500ul and lOOul 

respect ive ly)  and s tored at -20°C.  The assay s tock conta ine d in 

e le ct roph ores is  buffer:  1.2mM NAD, 40m M  K2H P 0 4 and 4 0m M  t r is od iu m

f r u c t o s e , 1-6 d iphosphate.  The ind ic a to r  s t ock  con ta ined in 0.1M 

t r ie th an o la m m e -H C I  (pH 7.6); 150mM gluco se  (or 15mM gluco se  fo r  the 14C 

system), 25mM ADP, 4 0m M  NADP, and 130mM M gS 0 4 .  The enzyme mixture 

was prepared im m ed ia te ly  before use and conta ine d ( for  each gel) 1 Oul G6PDH, 

1 (Dpi ALD (Sigma), 7 5uI GDH (Boehringer),  5jul HK and 5ql GAPDH (Sigma).

Tet razo l ium m e t h o d . The fo l l o w in g  mix ture was f res hly  made fo r  each analysis: 

800ul e lec t rophores is  buffer,  75pl sample buffer,  37.5ul enzyme mixture,  50C)ul 

assay s tock  and 100pl in d ica to r  s tock (conta ing 150mM glucose) . Im m ed ia te ly  

before staining 500ul MTT, 500uI PMS and 2.4ml o f  1.2% Agar  Noble (prev ious ly  

boi led then cooled to 56°) was  added. The m ix tu re  was poured o ver  the gel 

and (once the agar  had set) incubated at 37°  unt i l  the bands appeared. Gels 

were  f ixed in a so lu t ion of  15% glyce ro l  and 3% acet ic  acid for  approx im ate ly  

24 hours before the a l loenzyme bands w e re  quant i f ied.

— C m e t h o d . PEI TLC sheets  (Linton Products , Hysol)  we re  cut  to the same size 

as the gel and soaked in dist i l led w a t e r  fo r  20 mins  at 4°C. The fo l lo w in g  

staining mix ture was prepared im m e d ia te ly  before the end of  the 

e le c t rophores is  run: 500ul e le c t roph ores is  buffer , 30jul sample buffer , 37.5ul 

enzym e mix, 500/ jI assay stock,  100jul ind ic a to r  s toc k  (conta in ing 15mM 

glucose)  and 15/11 14C - D - G l u c o s e  (1m C i /m l ) (N e w  England Nuclear).  This 

m ix ture was spread evenly  over  a p re -s o ak ed  and b lo t ted PEI sheet  then the 

e lec t ro ph ores ed  gel was carefu l ly  placed on top.  Gent le  pressure was appl ied 

to  this "sandwich"  to ensure m a x im u m  co n ta c t  and to  avoid air bubbles.  A f te r  

incuba t ion  for  15 mins at 37°C the gel was d iscarded and the PEI sheet  r insed 

and washed fo r  4 hours  in 0.008M Tr izma Base (Sigma)  then dr ied at ro om  

tem peratu re.  PEI sheets  were  exposed fo r  3 days to  Kodak X - O m a t  S fi lm.
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Films were  dev elop ed fo r  2.5 m in u te s  in Kodak LX 24 X Ray dev e lo p e r  (1:5 

di lut ion),  washed in 2% acet ic acid, f ixed for  2.5 m in u tes  in Kodak FX 40 X Ray 

l iquid f ixer (1:5 d i lut ion) then w ashed  for  20 mins in tap water .  The 14C m e th od  

is app rox imate ly  10X more sensi t ive  than the MTT/PMS system.

(d) Quant i f icat ion of  PGK-1 a l l o e n z y m e s .

T e t r a z o l i um -s ta in e d  gels or  au to ra d io g ra p hs  were  scanned using a Joyce Loebl 

d e ns i t o m e te r  (Chrom os ca n 3) using re f lected or  t r a n s m i t te d  l ight  respect ive ly .  

The c h rom oscan  was l inked to a Si rius m i c r o c o m p u t e r  w h ic h  was p r o g r a m m e d  

to analyse the prof i les produced.  The p ro g r a m m e  a l lowed  qu an t i f i ca t i on  of  the 

PGK-1 a l loenzymes,  g iv ing pe rcen tages  of  each present,  and the data were  

stored on a f lo ppy disc (Minidisks,  1S/4D; Verbat im,  Ireland). An example of a 

stained gel and the scan prof i les  of  t w o  t racks are s h o w n  in Figure 2:2.

Lineari ty of the PGK-1 s y s t e m . Extensive l inear i ty  exper im en ts  have been 

per formed in the laborato ry  by Dr. J.D. Ansel l  and Mrs. H. Taylor.  Ar t i f ic ia l  

mixtures of P G K -1 A -  and PG K-1B-  express ing t h y m o c y t e s  were  prepared and 

analysed using both the MTT/PMS and 14C staining systems.  Thei r  resul ts  are 

shown in Figure 2:3 by kind permiss ion.  The f i gu re  sh o w s  th a t  an 

approx imate ly  l inear re la t ionship  exists between the v o lu m e t r i c  and 

e lec t roph oret ic  m ea surem ent  of %PGK-1 A over  the range 20-80% . M inor  

c o m ponen ts  tended  to be ov e res t im a te d  outs ide this range.

3. E lect rophores is  of  g lucose ph ospha te isomerase  (GPI).

GPI— 1 a l loenzymes were separated using the gels and e le c t r o p h o re s is  tanks 

desr ibed fo r  PGK. Samples were  loaded at the cathodal  end of  th e gels and 

e lect rophores is  was pe r fo rm ed  fo r  80 mins. at 350 vo l ts  (con s tan t  vo l tage)  in 

Supreheme buf fer  (Helena Labs.), at pH 8.2-8.6. Gels were  then s tained w i th  

lOOOul 1.0M Tr is-HCI  (pH 8.0) conta in ing  0.3mg NADP and 6.5mg f r u c t o s e - 6  

phosphate (Sigma); 15/jI G6PDH (300u/ml) ;  500jul MTT (10m g/m l) ;  500.ul PMS (2.5 

mg/ml) ;  400,ul 500mM Tr is-HCI,  pH 8.0 and 2.4ml of  1.2% agarose (Ansel l  & 

Micklem, 1986).
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Figure 2 : 2

An example autoradiograph of a PGK gel stained using the 

U C system. Scans of tracks 3 and 5 are shown.

track 3 = 467. PGK-1A 

track 5 = 82 7. PGK-1A
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4. F lu ore sc e n ce-a ct i va te d  cell sorter.

This sect ion descr ibes the pr inc ip les  of  the f l u o r e s c e n c e - a c t i v a t e d  cell sor te r  

(FACS) which  has been used in this s tu dy  to analyse and separate 

he ter ogeneous  cell suspensio ns (Herzenberg & Herzenberg,  1978).

Suspended cel ls are in jected into the cent re  o f  a f luid s t ream then e jected f rom  

the nozzle at a speed of  ap prox im ate ly  10m/sec.  A sho r t  d i s tance  be lo w  the 

nozzle, cel ls are i l luminated by a laser beam. Light  pulses e m i t te d  are d i rected 

th ro ugh  focus in g  lenses and appropr ia te  f i l ters to p h o to d e te c to rs .  Opt ical  

signals are t rans la ted into electr ical  pulses w h ic h  are ampl i f ied,  processed and 

stored fo r  d isp lay and analysis. A m easu re  of  cell size, an ind icat ion  of  cell 

s t ructure and the degree of  f l uo rescen t  label l ing can be de termined.

(a) Cell size and s t ructura l  c o m p le x i t y . Laser l ight  is h igh ly  co l l im a te d  (waves 

are essent ia l ly  paral lel) w hich  permi ts  m e a s u r e m e n t  of  l ight  scat te red at smal l  

angles f rom  the inc ident  beam. This " fo rw a rd  scat tered l igh t "  ( 1 - 1 3 ° )  is a 

measure of  cell size. There is a s t rong  cor re la t io n be tw een  cel l  size as 

measured in this way by the FACS and by o the r  m e th o d s  (Herzenberg & 

Herzenberg,  1978). Light scat tered at r ight  angles to the laser beam can be 

used to  der ive in fo rmat ion about  cell s t ructure.

(b) F luorescence . Cells can be s tained,  d i rec t ly  or  ind irect ly ,  w i t h  

f l u o ro ch ro m e s  which are exci ted by l ight  of  spec i f ied w a v e le n g th  and em i t  l ight  

of  a d i f ferent  waveleng th.  For example f l u o r e s c e in - i s o t h io c y a n a t e  (FITC) is 

exci ted by a var ie ty o f  wav eleng th  w i th  a peak of  48 8nm and emi ts  a s p ec t rum  

wi th  a peak of  530nm.

(c) Cell s o r t in g . Ceil populat ions requi red fo r  isolat ion are ident i f ied by FACS 

analyis and cr i ter ia fo r  sor t ing are set. T w o  populat ions can be so r ted  at any 

one t ime.  The nozzle is v ibrated (35 -45 kHz.) caus ing the s t ream  to  break into 

droplets  a shor t  d is tance below the de te ct ion  point .  Each d ro p le t  is 

approx imate ly  1000X the vo lu m e of a s ing le  cell and ab ou t  1/6 o f  the drop lets  

wi l l  contain a cell. Just  before the drop le t  fo rms,  the opt ical  s ignals generated 

by a cell  are compa re d to the preset cr i ter ia fo r  sor t ing.  If a des i red cell is 

present  in a droplet ,  a charge ge nera to r  is sw i tche d on, mark ing the droplet

15



w it h  a t rapped +ve or  - v e  charge.  The d rop le ts  then pass th r o u g h  a co nst an t  

electr ical  f ield created by a pair  o f  charged  de f lec t in g plates and charged 

drop lets  are def lected to the lef t  or r ight. U nc ha rged d ro plets  are not  def lected 

and cont inue  d i rect l y  d o w n w a r d s  to  a d iscard vessel.  Before each c e l l - s o r t i n g  

session,  f l u o re s c e in - la b e l l e d  beads were  sor ted then reanalysed to check  the 

pur i ty  of  the sor ted sample.  A f te r  each sess ion,  at least  t w o  sor ted cell 

samples were reanalysed. Samples tha t  had > 1 0 %  of  cel ls o u t w i t h  the def ined 

gates were not  used in fu r th e r  analyses.

5. M a y - G r u n w a ld /G ie m s a  S ta in in g .

Cells were smeared onto a clean glass sl ide, a i r -dr ied,  f ixed in 95% m ethano l  

fo r  2 mins. then washed in running  tap w a te r  fo r  30 mins.  The f o l l o w i n g  buf fer  - 

was prepared: 42.5ml 0.1M c i t r ic  acid was added to  57.5ml 0.2M ^ 2 ^ 0 ^  

adjusted to pH 5.75 and then made  up to 500ml  w i th  d ist i l led water .  Sl ides 

were  r insed in buffer,  stained w i th  M a y - G r u n w a l d  stain (di luted 1:2 w i t h  buf fer)  

fo r  3.5 mins. then r insed again in buffer.  Sl ides were then s tained w i t h  Giemsa 

(di luted 1:5 w i th  buffer)  fo r  10 mins,  r insed and air dr ied (m eth od  f r o m  Hudson 

& Hay, 1976).
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CHAPTER 3. X CHROMOSOME EXPRESSION

In t roduct ion

X c h r o m o s o m e  inact ivat ion  resul ts  in ind iv idual  cel ls o f  fem ale  m a m m a ls  

having only  one X c h r o m o s o m e  act ive (Lyon, 1961; 1974), Thus females,  

hete rozygous fo r  X - l i n k e d  gene p ro d u c ts  prov ide a s i tuat ion w here  t w o  

d is t inguishab le  cell  p o p u la t i ons  ex ist  w i th in  an individual .  These natural  

mosaics  are pa r t icu lar ly  useful  in d e v e lo p m e n ta l  b io lo g y  fo r  d e te rm in in g  or ig ins  

and l ineages and for  e s t im a t ing  the n u m b e rs  of  cel ls fo u n d in g  par t i cu lar  t issues 

dur ing d i f fe rent ia t ion  and organog enesis .  Such s tud ies us ing art i f ic ial ly  

c ons t ruc te d  m os aics  (or ch imaeras)  are l im i ted  because of  the p ro b le m s  caused 

by exper imenta l  m an ipula t io n and cell  select ion.  The in fo rm a t io n  about  

deve lop ing sys te m s  tha t  can be obta ine d  f rom  the s t udy  of  X c h r o m o s o m e  

inact ivat ion mosaics  wi l l  be d i scussed fu l ly  in Cha pter  4. The p resent  chapter  

wi l l  d iscuss the fac tors  tha t  in f luence the X c h r o m o s o m e  inac t iv at io n process 

per se and examine som e of  these  fac to rs  w i th in  our  o w n  exp er im en ta l  system.

In the mouse,  X c h r o m o s o m e  inac t ivat ion  occ ur s  at the late b la s to cys t  s tage of  

embryogenesis .  Rastan (1982) used a cy to log ic a l  m e th o d  to de te rm in e  the t im e 

more prec isely and concluded tha t  X inac t ivat ion  was co m p le te  by 5.5 days of 

gestat ion.  Takagi  et al (1982), s tudy ing  late repl icat ion,  fo u n d  this t i m e  to be 

s l ight ly  later  (6 days) agreeing w i th  M o n k  and Harpers '  (1979) data on the 

expression of  the X - l i nked  enz ym e hy poxan th ine  guanine ph osphor i bosy l  

t ransferase (HGPRT). The classical  t h e o r y  a b ou t  the m e c h an is m  of  X 

c h r o m o s o m e  inact ivat ion is tha t  there are t w o  processes invo lved  (Lyon, 1983): 

in i t iat ion at a par t icu lar  inact ivat ion cent re  then a proc es s of  spreading along 

the c h r o m o s o m e  to br ing abou t  inac t ivat ion  a n d / o r  act ivat ion.  The range of  

t im e est imates fo r  X - in a c t i v a t io n  is smal l  (0.5 days) w h ic h  sugges ts  tha t  any 

in te rmedia te  state o f inact ivat ion be tw een  the t w o  p roces ses  is s h o r t - l i v e d  and 

that  X - in a c t i v a t i o n  takes place rela t ive ly quickly.  The inact ive X c h r o m o s o m e  is 

condensed  and is kn own to begin its rep l icat ion later  in the S phase of  the cell 

cycle than does the act ive X and the aut osom es .  Its genet ic  inac t iv i ty  resul ts  

in dosage c o m pe n s a t io n  so tha t  there are s im i la r  levels of  X - l i n k e d  gene 

produc ts  in male and female  cells. Once X c h r o m o s o m e  inact iva t ion has 

ocurred it is genera l ly  th o u g h t  to  be co m p le te  and the act ive or  inact ive X
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c h r o m o s o m e  is s tably inher i ted t h r o u g h o u t  s o m a t ic  g r o w t h  and d i f fe ren t ia t io n 

(Lyon, 1983). This fac t  makes X - l in k e d  markers  p a r t i c u la r l y  useful  for  cell 

l ineage analyses.

The inact ivat ion of  the mate rna l ly  der ived X c h r o m o s o m e  (XM) or  the paternal ly  

der ived X c h r o m o s o m e  (Xp) is no t  random  as was o r ig ina l ly  s u g g e s te d  (Lyon 

1961). The process is in f l uenced  to vary ing deg rees  by genet ic  and parental  

factors.

Genet ic Facto rs . There is a locus present  on the X c h r o m o s o m e  designa ted 

the X c h r o m o s o m e  con t r o l l i n g  e le m e n t  (X c e ) w h ic h  is t h o u g h t  to be the 

in i t iat ion cent re  fo r  X inac t ivat ion  (Cat tanach,  1975). Three al leles o f  Xce have 

been descr ibed and they  af fect  the  prob ab i l i ty  th a t  a par t ic u lar  X c h r o m o s o m e  

wil l  becom e inactivated. Analyses  of  fem a les  h e te r o z y g o u s  at the Xce locus 

(and also at o ther  X l inked marke r  loci) have s h o w n  th a t  the al leles co n fe r  an 

increas ing probab i l i ty  of  X c h r o m o s o m e  express ion  in the o rd e r  X c e 3 <  X c e b <  

Xcec (Johnston & Cattanach, 1981). In mice  h o m o z y g o u s  fo r  X c e , the t w o  X 

c h r o m o s o m e s  have an equal probabi l i t y  o f  inact ivat ion.

The ef fect of  the d i f ferent  Xce al leles on the X l inked marke r  s ys te m  used in 

this w o rk  was analysed by look ing  at the p h en o ty pe s  of  h e te ro z y g o u s  females.  

We analysed the PGK-1 pheno ty pes of  a large ser ies o f  h e te ro z y g o u s  mice to 

f ind the probabi l i ty  o f  inact ivat ion of  a par t i cu lar  X c h r o m o s o m e  w h en  t w o  

d i f ferent  al lel ic c om b in a t io ns  of Xce were  used (Xcea/ X c e G and X c e b/ X c e c).

Parental Factors . Parental  fac to rs  in f luen c ing  the X inac t ivat ion  p roce ss  are 

m o s t  obv ious in s tudies of  the e x t ra e m b ry o n ic  m e m b r a n e s  ( t r o p h e c to d e r m  and 

p r im i t ive  endoderm) w here  X p is preferent ia l ly  inact iva ted (Takagi & Sasaki, 

1975; Wes t  et al, 1977). Embryo t rans fe r  and o o c y te  t ra nsp lan ta t ion

exper iments  have sh own tha t  the maternal  r e p ro d u c t i v e  t r a c t  does not  exer t a 

select ion pressure in fa vour  of  cel ls exp ress ing X M (Frels & Chapman,  1980; 

Papaionnou 8< West,  1981). It is t h o u g h t  th a t  th is  d i f fe rent ia l  express ion  is due 

to an in tr insic d i f ference be tw een  X M and X p, im pr in te d  before  the X

inact ivat ion process.  Parental  e f fects  on X c h r o m o s o m e  inact iva t ion  in so m at i c  

t isues have been s tud ied by co m p a r in g  the ph e n o ty p e s  o f  females,

heterozygous  fo r  X l inked gene pr oduc ts  der ived f r o m  rec iprocal  crosses.
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Some stud ies ind icated a paternal  e f fect  (XP> X M) (Falconer et al , 1982) wh i le  

o thers  sh o w e d  no s ign i f ic an t  rec ip rocal  cross d i f fe rences  (Johns ton & 

Cattanach, 1981). Falconer  et al (1982) and Cat tanach and Papwor th  (1981) 

found a maternal  e f fect  (XM > X P) in se lect ion e x p e r im e n ts  w i t h  br ind led ( M o br) 

and viable br ind led (M o vbr) respect ive ly .  Howe ver ,  th e y  a t t r ib u te d  this to 

abnormal  co p p e r  t ra n s p o r t  in the h e te ro z y g o u s  m o t h e r s  ra ther  than a 

c h r o m o s o m a l  effect.

As there we re  con fus ing  repo r ts  in the l i terature abou t  parental  ef fects ,  w e  fe l t  

it necessary  to def ine our  o w n  s y s te m  in this respect .  All the m ice  used in the 

cell l ineage s tud ies were  X c e V X c e 3 h e te ro z y g o te s  and the pr obab i l i ty  of  

inact ivat ion of  ma te rna l ly  der ived and pate rnal ly  der ived X c h r o m o s o m e s  were  

compared  fo r  this geno typ e.  Parental  ef fects  in X c e b/ X c e G m ice  w e re  also 

examined. No parental  e f fec t  was observed in the X c e a/ X c e c he te rozygo te s ,  

but  a reciprocal  cross d i f fe rence was  foun d in X c e b/ X c e c h e te rozygo tes .  The 

probabi l i ty  o f  inact ivat ion of  a par t i cu lar  X c h r o m o s o m e  was  lo w e r  if i t was 

maternal ly  derived.



Mater ials  and M e th ods

M ic e . The m o u s e  s t rains  C 3 H / H e H a - P g k - 1 a (backcross  genera t i on  9) and 

C B A / C a - P g k - 1 a (backcross g enera t ion  16) w e re  used as the source  of  the X 

c h r o m o s o m e  carry ing the P g k - 1 a and X c e c al leles, the C57BL/6J b g J st rain for  

the X c h r o m o s o m e  car ry ing  the P g k - 1 b and X c e b al leles and the CBA/Ca st rain 

fo r  the P g k - 1 b and X c e a al leles. The Xce locus is very  c lo se ly  l inked to our  

marker  locus (P g k - 1 ) and no r e c o m b in a t i o n  has been ob served  b e tw e e n  them  

in an extensive b ackcro ss in g  p r o g r a m m e  in ou r  laboratory .

Blood sam p le s . One drop of  b lood was taken f r o m  the r e t r o - o r b i t a l  s inus of 

3 - 4  w e e k - o ld  female p ro g e n y  and mixed w i th  100pl sample bu f fe r  (App end ix  I).

T issue s am p le s . Mice w ere  ki l led by cerv ical  d i s loca t io n  and the t h y m u s ,  brain 

and fem urs  w e re  re m o v e d  to  ice. Brains and t h y m i  w e re  d i ssoc ia te d  in a 

g round  glass h o m o g e n is e r  in a p p ro x im a te ly  0.5ml Hanks Balanced Salt  Solut ion 

(HBSS)(Gibco) then poured th r o u g h  a f ine s tain less steel  sieve. Bone m a r r o w  

cavi t ies were f lushed w i t h  HBSS and the m a r r o w  plug was aspi rated th r o u g h  a 

25g needle to  obta in  a s ing le  cell suspension.  Cells w e re  cen t r i f u ge d  at 

1600rpm fo r  10mins,  the s u p erna ta n t  d iscarded and the approp r ia te  v o lu m e  of  

sample buf fer  was added (50jul fo r  bone m a r ro w ,  50jul fo r  th y m u s  and 100uI fo r  

brain).

PGK-1 An a ly se s . Samples w ere  f rozen and t h a w e d  then d i lu ted to  the 

appropr ia ted concen trat ion.  Detai ls o f  the e le c t r o ph o res is  and q u a n t i f i ca t i on  of  

the t w o  a l loenzymes are des cr ibed  in Chapte r  2. The MTT/PMS sta in ing  sy s tem  

was used in this e x p e r im e n t  and the m a jo r i t y  o f  the samples w ere  run once. 

Some of  the b lood samples f r o m  each g roup  w e re  also analysed us ing the  14C 

staining system  to  ensure tba t  the h aem ag lob in  was  not  in te r fer ing w i t h  the 

resul ts  (data not  shown) .
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Resul ts

X c e a/ X c e G he te rozygo tes .

A large ser ies o f  rec iproca l  crosses  be tw e en  subl ines o f  CBA/Ca mice were 

pe r fo rm e d  and the resul ts  are s h o w n  in Table 3:1. The subl ines,  C B A / C a - Pgk- 

1 bX c e a and C B A / C a - Pgk-  1aX c e c d i f fered only  at the reg ion of  the Pgk-1 and 

Xce loci. In this al lel ic c o m b in a t i o n ,  w h e n  the X c e ° P g k - 1 a-b e a r in g  X 

c h r o m o s o m e  was mate rna l ly  der ived the mean p r o p o r t io n  of  PGK-1A in the 

h e te ro zyg o u s  p rog e n y  was 69%. This was not  s ign i f ic an t l y  d i f feren t  (p>0 .05)  

f r om  the p ro g e n y  p ro duced  w h e n  the X c e cP g k - 1 a X c h r o m o s o m e  was 

paternal ly  der ived (72%). Thus, there was no rec ip roca l  cross d i f ference 

observe d w he n  this " s t ro n g "  al lel ic c o m b in a t io n  of  Xce w a s  used.

X ceb/ X c e G he teroz ygo tes.

Table 3:2 sum m a r iz e s  the resul ts  of  p h e n o ty p ic  analyses of  he te rozygo us

fem ales  der ived f r o m  f ive d i f f e ren t  crosses.  Crosses  1 and 2 w e re  the

rec iprocal  crosses be tw een  C 3 H / H e H a - P g k - 1 a and C 5 7 B L / 6 J - b g J strains. In 

cross 1 w h e re  the X c e cP g k - 1 a bear ing X c h r o m o s o m e  w a s  m ate rnal ly  derived, 

the mean p ro p o r t io n  of  PGK-1A a l loen zyme pr esen t  in the b lood of

he te rozyg o u s  p ro g e n y  was 61%. When th a t  c h r o m o s o m e  was paternal ly

der ived (cross 2) the mean p ro p r t io n  of  PGK-1A was  54%. The d i f ference 

be tw een these  t w o  crosses was s ta t is t ica l l y  s ign i f ican t  (p<0.05) .  The F1 males 

(X c e cPgk-1 a/ Y  produced  f rom  cross  1 were  backc rossed  o n to  the C 5 7 B L /6 J - b g J 

strain (cross 3). In this case the X c e cPgk V* X c h r o m o s o m e  was paternal ly 

der ived and the p rop o r t io n  of  PGK-1A p resen t  in the h e te ro z y g o u s  progeny 

was 51%. The FI fem ales  (X c e cPgk 1a/ X c e bP g k - 1 b) p ro duced  f r o m  cross 2 

were also ba ckc rossed o n to  the C 5 7 B L / 6 J - b g J s train (cross 4). The p ropo r t io n 

of  PGK-1A in the h e te ro z y g o te s  produced  f r o m  these  mat ings,  w h e re  the 

XcecP g k - 1 a X c h r o m o s o m e  was m ate rnal ly  der ived, was 58%. This was 

s ign i f icant ly  d i f feren t  f r o m  cross 3 (p<0.05) .  The h e te ro z y g o te s  produced  f ro m 

cross 3 w e re  fu r th e r  backcrossed  and the p r o p o r t i o n  of  PGK-1A in 

he te rozygo us  p rog e n y  was 60%.

In summar y,  there was no s ign i f ican t  d i f fe rence b e tw e e n  the PGK-1 phen o type s
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TADLE 3:1

Mean 7 PGK-1A present in erythrocyte samples from progeny 

derived from reciprocal crosses. The crosses were between 

sublines of CBA/Ca mice differing only at the region of the 

Pqk-1 and Xce loci. There was no significant difference 

in the proportion of PGK-1A between the offspring of these 

crosses. In these crosses Pqk-13 segregates with 

Xcec and Pqk- 1b with Xce3 .

Xce allele of parental Mean 7 PGK-1A No. progeny

X chromosome in

XM XP progeny ± S.E.

69 + 1.5 27

7 2 + 1 . 4  44
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TABLE 3:2

Mean 7PGK-1A present in erythrocyte samples from progeny 

derived from five different crosses. Analyses of variance 

showed that the progeny of crosses 1, 4 and 5 were 

significantly different from crosses 2 and 3 (p <0 . 01) . In 

these crosses Pgk-1a segregates with Xcec and 

Pgk- 1b with Xceb .

Xce allele of parental Mean 7. PGK-1 No. progeny

X chromosome in analysed

CROSS XM XP progeny + S.E.

1 c b

2 b e

3 b e

4 c b

5 c b

6 1 + 1 . 5  36

5 3 + 1 . 1  36

5 1 + 1 . 3  56

5 8 + 1 . 8  32

60 + 1 . 7 32

23



of  the he te ro z y g o u s  p ro g e n y  of  c rosses  1,4 and 5. In all these cases the 

X c e cP g k - 1 a- b e a r in g  X c h r o m o s o m e  was m ate rna l l y  der ived and the p r o p o r t i on  

of  PGK-1A p res en t  was 58 -6 1 % . Also, there  was no s ig n i f ican t  d i f fe rence  in 

the h e te ro z y g o u s  p h e n o ty p e s  of  the p ro g e n y  p rod u c e d  f r o m  c rosses 2 and 3. 

The X c e cP g k - 1 a X c h r o m o s o m e  was pate rnal ly  der ived and the p r o p o r t io n  of  

PGK-1A pr esent  was 50 -5 3 % . There  was a lways  a s ign i f ican t  d i f fe rence  w hen  

the  t w o  crosses being co m p a re d  had the X c e c al lele der ived f r o m  d i f fe rent  

parental  X c h r o m o s o m e s .

Resul ts of  t issue analyses

Tissues f ro m  a f e w  p r o g e n y  f r o m  c ross es  1,2 and 3 we re  analysed f o r  th e i r  

PGK 1 pheno type s.  The resul ts  are s h o w n  in tab le  3:3. There was a s ign i f ican t  

d i f ference (p < 0 .0 5)  be tw e e n  the bone m a r r o w  sa m p le s  der ived f r o m  rec iprocal  

crosses.  When the X c e ° X c h r o m o s o m e  was  pate rnal ly  der ived the mean 

% PG K -1A  was 54% and w h e n  it was mate rna l ly  der ived, 63%. There was not  a 

s ign i f ican t  d i f ference  (p=0.06) in the th y m i  of  the p ro g e n y  der ived f ro m  

rec iprocal  crosses,  but  there was a t rend  fo r  preferent ia l  express ion of  X M. The 

p robabi l i t y  of  express ion  of  th e  X c e c X c h r o m o s o m e  was reduced f r o m  62% to 

54% w hen  mate rna l ly  or  pate rnal ly  der ived respe ct i ve ly . .  A s im i lar  resul t  was 

obta ined  fo r  the brain samples -  the resul t  was not  s ign i f ican t  (p=0.15) but  the 

"mate rnal  t rend"  was seen. It is very  l ikely th a t  s ig n i f ican t  d i f fe renc es w o u ld  be 

seen if m or e samples w ere  used in the analyses.
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TABLE 3:3

Mean '/. PGK-1A present in bone marrow, thymus and brain samples 

from progeny derived from reciprocal crosses.

Xce allele of parental Mean 7. PGK-1A No. progeny

X chromosome in analysed
M P

X X progeny ± S.E.

Bone marrow c b

b c

Thymus c b

b c

Brain c b

b c

G3 ± 4.1 5

54 ± 5.2 14

62 ± 6.0 5

54t 7.9 15

6 0 1 5 . 6  5

5 4 1 7 . 5  15
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D is cus s i on

The th ree al leles of  Xce have been def ined by o t h e r  w o r k e r s  w i t h  respect  to 

the i r  e f fect  on the probab i l i t y  of  X c h r o m o s o m e  exp ress ion (X c e G> X c e b > X c e a) 

(Johns ton & Cat tanach,1981) .  As the prec ise probab i l i ty  o f  exp ress ion in 

h e te ro z y go te s  var ies w i th  d i f fe ren t  gene t ic  backgrounds ,  th is  value was 

ca lcu lated fo r  d i f fe ren t  Xce al lel ic c o m b in a t io n s  w i t h in  ou r  o w n  exper imenta l  

system.  In X c e a/ X c e G h e te ro z y g o te s  the mean p ro b a b i l i ty  of  express ion  of  the 

X c e c bear ing X c h r o m o s o m e  was a pp rox im a te ly  70% and this p robabi l i t y  did 

not  vary  w i t h  the parenta l  or ig in  o f  the X c e c X c h r o m o s o m e .  In the "weaker"  

al lel ic com b in a t io n ,  X c e b/ X c e c, the mean pr obab i l i ty  of  express ion  of  the X c e c X 

c h r o m o s o m e  was 56% and a parental  e f fect  was observed.  When  the Xcec X 

c h r o m o s o m e  was  mate rna l ly  der ived the p ro ba b i l i ty  of  exp ress ion was  58-61%.  

This probab i l i ty  was reduced to  5 1 - 5 3 %  w hen  it w a s  pa ternal ly  der ived.

This c lear  maternal  e f fec t  was obs er ved  in e r y th r o c y te s  w h ic h  have a l imited 

l i fespan and are c o n s ta n t l y  be ing rep lenished.  H o w e v e r  th e y  can sti l l  be 

regarded as hav ing a s table p h e n o ty p e  as m ice  bled fo r  up to  t w o  years show  

no change in PGK--1 rat ios (M ick lem et al 1983; th is  thes is ,  Chapter  4). The 

resul ts  obta ined fo r  bone m a r r o w  in this r e p o r t  s u p p o r t  the idea tha t  the 

e ry th roc y te s  are rep res en ta t iv e of  h a em a to p o ie t ic  t issues.  Since all t issues are 

der ived f ro m  the same pool  o f  X inact iva t ion  cel ls (M cM ahon  et al, 1983), 

analyses of  any t issue should  s h o w  s imi lar  rec iproca l  cross  d i f ferences.  The 

p re l im inary  resul ts  fo r  brain sa mp les  sh o w  tha t  the same "mate rnal  t re nd"  was 

observe d but  th is  d i f fe rence  was no t  s ta t is t ica l l y  s ign i f i can t  due to  the smal l  

samp le number .

The parental  e f fec t  observed  here is d i f ferent  to  tha t  fo u nd  by Cat tanach & 

Perez (1970) and Falconer  et al (1982) w h o  re por te d  a s l ight  p re fe ren ce  in X p 

expression.  This ef fect ,  however ,  was smal l  and large nu m be rs  of  an imals  were 

needed to d e m o n s t ra te  it conv inc ing ly .  J o h n s to n  & Cat tanach (1981) analysed 

the h e te ro z y go us  ph eno types  of  e m b ry o n ic  and adul t  t issues der ived f ro m  

rec iprocal  crosses. They fo u n d  no rec iprocal  cros s d i f fe rence in adu l t  t issues 

but  the 7.5 day e m b ry o s  sh o w e d  a t rend  t o w a r d s  preferent ia l  express ion  of  X M. 

The samp le n u m b e r  h o w e v e r  was to o  lo w  fo r  s ta t is t ica l  analyses. In terest ing ly,  

th is  t rend  was  seen in both  X c e b/X c e °  and X c e a/X c e °  h e te ro z y go te s  whereas
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w e  only  found  a maternal  e f f ec t  in X c e b/ X c e G animals.

The m e c h a n is m  by w h ic h  parental  e f fec ts  could  ope ra te  has been su gg e s te d  

(Chandra & Brown,  1975). The male and female g e rm  l ine are d i f ferent ia l ly  

mod i f ie d  dur ing g a m e to g e n e s is  and th is  im pr in te d  d i f ference could  remain unt i l  

a f ter  the d i f fe rent ia t io n of  the t r o p h e c t o d e r m  and p r im ary  e n d o d e rm  w h e re  X p 

is preferent ia l ly  inact ivated.  Maternal  e f fects  ob served  in adul t  t issues may 

re f lect  residual  e f fects  of  th is  im p r in t in g  process.

A t t e m p t s  have been made to  un de rs tand the m o le c u la r  m e c h a n is m s  involved In 

the X inact ivat ion and i m p r in t i n g  process.  Studies have ind icated tha t  the DNA 

of  the act ive and inact ive X c h r o m o s o m e  is d i f ferent  in its abi l i ty  to  t r a n s fo r m  

cel ls (Liskay & Evans, 1980), thus im ply ing  th a t  X inact ivat ion invo lves 

m od i f ic a t i o n  of  DNA. This m o d i f ic a t io n  could  invo lve DNA m e th y la t io n  (Riggs, 

1975) and data in su p p o r t  o f  th i s  idea came f r o m  e xper im en ts  in w h ic h  genes 

on the inact ive X c h r o m o s o m e  were react ivated by t r e a t m e n t  o f  cel ls w i th  5 

azacyt id ine (Mohandas,  et al, 1981). This cy t id ine analog ue  leads to 

h yp o m e th y la t io n  when inc o rp o ra te d  into DNA. However ,  the t r e a t m e n t  resul ts  

in the react iva t ion of  ind iv idual  genes,  but  not  the w h o le  X c h r o m o s o m e ,  and 

the re is no d i rect  ev idence th a t  the react ivated DNA sequences t h e m s e lv e s  are 

hypom eth y la ted .  Sanford et al (1984) found  a d i f fe rence  in the a m o u n t  o f  total  

g e n o m ic  DNA m eth y la t io n  be tw e e n  sperm and oocy te ,  w h ic h  su p p o r ts  the 

hypo thes is  that  this is the basis fo r  the d i f ferent ia l  mark ing of  X M and X p in the 

im p r i n t i ng  process.

It is probable  tha t  d i f fe rent  fac to rs  tha t  in f luence the X inact iva t ion process 

in te ract  and tha t  if one f a c t o r  is pa r t icu lar ly  s t rong  it could  ov err ide  the others.  

In th is  repor t,  the X c e a/ X c e G allel ic co m b in a t io n  may  be to o  s t rong  fo r  the 

m ore  subt le  maternal  e f fects  to  in f luence the X inact iva t ion  proces s  to a 

de tec tab le  extent.  Using cy to log ic a l  markers,  Rastan & Cat tanach (1983) we re  

able to  s h o w  tha t  the s t r o n g  Xce g eno ty p e  could  m o d e ra te  the e f fec t  of  

im p r in t in g  on X c h r o m o s o m e  express ion in the yo lk  sac. However ,  Bucher  et al

(1986) could  f ind no ev idence using b iochem ica l  markers  to  su p p o r t  this claim.

It is l ikely tha t  other , as ye t  un iden t i f ied m o d e r a to r  genes in f luence the X 

inact ivat ion process and th a t  the express ion o f  these genes d i f fers  be tw een



m o u s e  strains.  Th is  cou ld  explain the d i sc repancies in the resul ts,  as d i f ferent  

w o rk e rs  were using mice of  varied genet ic  backgrounds.

The m e c h a n is m  by w h ic h  parenta l  and genet ic  fac to rs  in teract  is u nknow n but  

could  be env isaged as W e s t  (1982) proposed.  The phys io lo g ica l  mod i f ic a t i o n  of 

X M a n d / o r  X p w o u ld  p re s u m a b ly  include the Xce locus and the mod i f ic a t i o n  of 

one al lele could  a f fect  its In te ract ion  w i th  the o th e r  in a h e te rozygous  female.  

This w o u ld  have e i ther  an add i t ive  or a c o m p le m e n t a r y  result .  If, fo r  example, 

the m o d i f ic a t i o n  dur ing o o ge n es is  resul ts  In the X c e b al lele on X M behaving In 

a s im i la r  w ay  to  an X c e c allele, the h e te rozygo us  female p roduced  (if X p carr ies 

X c e °) w o u ld  behave as If It we re  h o m o z y g o u s  at the Xce locus.  In this 

hy p o th e t i ca l  examp le X M and Xp w o u ld  have an equal prob ab i l i ty  of  expression.

This ch ap te r  has d iscussed  the factors  in f luenc ing the proc es s of  X 

c h r o m o s o m e  in ac t iv at ion  and the i r  ef fects  on our  exper imenta l  system.  In the 

cel l  l ineage s tud ies descr ibed  in Chapte r  4, Xce3/ X c e c h e te rozygo te s  we re  used. 

The s tud ies desc r ibed here s h o w  that,  in these mice,  the probabi l i t y  of  

ex press ion  of the X c e c X c h r o m o s o m e  was a pprox im ate ly  70% and th a t  this did 

no t  a l ter  w i t h  its parental  or igin.
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CHAPTER 4.

STUDIES ON THE CLONAL ORGANISATION OF HAEMATOPOIESIS IN X-INACTIVATION 

MOSAICS.

In t r oduc t io n

Hayfl ick  (1965) s h o w e d  tha t  se r la l l y -s u b c u l t u re d  dip loid  human f i brob las ts  had a 

rest r ic ted cap ac i ty  f o r  pro l i ferat ion.  They were  found  to  go th r o u g h  only 50 

doub l ings  before the cu l tu res  died. Reincke and her co l leagues  (1982) showed 

tha t  s imi lar  l im i t a t io n s  existed fo r  mur ine ha em ato p o ie t i c  cel ls in v i t r o . Such 

ex pe r imen ts  have been in te rp re te d  as s h o w in g  tha t  pro l i f era t ing cell 

popu la t io ns  u n d e rg o  an "ageing "  process.  It has been su gges te d  tha t  ei ther  

the re is an inherent ,  genet ica l ly  p r o g r a m m e d  l imi t  to the n u m b e r  of  divisions 

t h ro u g h  w h ic h  a cel l  and its des ce nd en ts  can pass or  th a t  there  is an 

accum u la t io n  of  er ro rs  in or  d am age  to  m a c ro m o le c u le s  (Orgel ,1973; Holl iday, 

1975). Such pr o l i f e ra t i ve  l im i ta t i ons  may also exist  in c e l l - re n e w a l  processes 

such as haem atop o ies is ,  s p e rm a to g e n e s is  and epi thel ial  g r o w t h  in v i v o .

The mature cel ls of  the h ae m a to p o ie t ic  sys tem are co ns ta n t l y  rep len ished f ro m 

the s tem cell c o m p a r t m e n t  in the adul t  bone m a r r o w  (Lorenz, 1951; Ford et aj, 

1956; Till & McCul loch ,  1961; Wu et al, 1968; A b ram son  et al, 1977; Ki tamura 

et al,1981). An und e rs ta n d in g  of  the dyn am ics  and l im i ta t io ns  of  the 

ha e m a to p o ie t i c  s tem  cell  pool  is im p o r ta n t  in the theo re t ic a l  cons idera t ions  of  

exper imenta l  h a e m a t o l o g y  and in the cl inical  use of  drugs,  i r rad ia t ion and bone 

m a r r o w  t ransp lan ta t ion.

The spleen c o lo n y  assay (Till &  McCul loch,  1961) prov ided  a means of 

quan t i f y in g a p r o p o r t i o n  of  the s tem cell pool  -  the c o l o n y - f o r m i n g  units 

(CFU-S)  (see Chapte r  1). Lord (1983) ca lcula ted tha t  20% of  CFU-S entered 

cycle each day. Thus, if all CFU-S were  ident ical  each one w o u ld  divide, on 

average,  once every  5 days. In the l i fe t ime of  a m ouse (app rox imate ly  1000 

days) 200 d iv is ions  w o u ld  be requi red of  each CFU-S (Mick lem et al, 1983). 

These theore t ic a l  cons id e ra t io ns  a lready g ive grea ter  l imi ts  than those 

sugges te d by Hayf l lck (1965).
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Exper imenta l  ev idence su gg e s ts  tha t  there  is no loss of e f f ic ienc y of s tem cells 

in very  old mice c o m p a re d  to th o se  of  y o un g  mice (Lajtha & Schof ield,  1971; 

Ogden & Mick lem,  1976, Harr ison & Ast le,  1982; Harrison,  1983). In addi t ion the 

sy s te m  is capable  of  handl ing mass ive dem an ds  o ver  and above tha t  o f  the 

s teady state. Ross et al (1982) exposed mice to  25 pairs of hydroxyurea  (HU) 

in ject ions.  This drug is an in h ib i t o r  of  r i b o n u c le o t id e - re du c ta s e  and se lect ive ly  

kil ls cel ls in S phase of  the cel l  cycle (Hodgson et al, 1975). The dose used 

reduced bone m a r r o w  ce l lu la r i t y  and CFU-S n um bers  by 70%. There was no 

d iscern ib le  e f fec t  on the n u m b e r  of s tem cel ls pr esent  3 weeks af ter  the final 

in ject ion or  on the i r  capaci ty  to s e l f - re n ew .  Com parable  resul ts  were  obta ined 

w i th  the a lkylat ing agent  t r i e th y le n e m e la m in e  (TEM) (Valer iote & Tolen, 1983) 

and w i th  i s o p r o p y l - m e t h a n - s u l p h o n a t e  (IMS) (Schofield & Lajtha, 1973).

A poss ib le  exp lana t ion  fo r  the apparen t  d isc repancy  be tw een  in v i t ro  and in 

v ivo resul ts  could  be a s ys te m  of  clonal  success ion,  f i rs t  descr ibed by Kay 

(1965). He sugges te d  that,  at any one t ime,  the m a r r o w  was suppl ied by a 

re lat ively  smal l  n u m b e r  of  s tem cel ls each pr oduc in g  a ' ' c lone"  of  haem ato p o i t ic  

cells. When  exhausted they  are replaced by succeed in g c lones der ived f ro m 

stem cel ls o f  s h or te r  l ineage. The mode l  assumes a hierarchlal  he te ro gene i t y  

of  the s tem  cell pool , a smal l  sub se t  of  the m o s t  p r im i t i ve  s tem cel ls (possibly 

p re -C F U -S )  being the t rue s e l f - m a in ta in in g  popula t io n (Hodgson & Bradley, 

1979).

There is substant ia l  exper im en ta l  ev idence in fa vour  o f  such an "age s t ruc tu re "  

w i th in  the s tem cell pool  -  th o se  w i th  a longer  m i to t ic  h i s to ry  having an 

increased chance of  p ro l i f erat io n and d i f fe rent ia t ion  but  a reduced chance of  

se l f - re n e w a l  (Schof ield,  1970; Rosendaal  et al, 1976; Hei lman et al, 1978). The 

f i rs t  c ic um stan t i a l  ev idence was the fact  tha t  individual  spleen co lon ies were  of  

d i f ferent  sizes (Till &  McCul loch ,  1961). Rosendaal  et  al (1979) show ed  that  

cel ls w i th  a high capac i ty  fo r  s e l f - r e n e w a l  were  spared dur ing t re a tm e n t  w i th  

the c y c le - a c t i v e  drugs,  HU or  5 - f l u o r o - u r a c i l  (5FU). Those  s tem cel ls were  

p resum ab ly  no n -c y c l i n g .  Stem cel ls also d i f fer  in the i r  capac i ty  to  "hom e"  to 

e i ther  th e  bone m a r r o w  or  spleen (Hodgson & Bradley, 1979). These authors  

s u gges t  tha t  a class of  "p r im i t i v e "  s tem cel ls (pr e- CFU-S)  accum ulate  in the 

bone m a r r o w  before g iv ing  rise to  cel ls capable o f  p roduc in g  spleen colonies.  

Such p r e - C F U - S  w o u ld  be responsib le  fo r  the produc t io n  of  " late"  co lon ies tha t



f o r m  af ter  several  days delay (day 10-12)  ra ther  than the s tandard 8 -d a y  

("early") co lon ies  (Hodgson  & Bradley, 1979; Magl l  et al, 1982). An extension of 

th is  f ind ing w o u ld  s u g g es t  the ex is tence of s tem cel ls w h ic h  do not  form 

co lon ies  at all, e i ther  because they  are re luc tan t  to divide, tend not  to be 

t ran s fe r red  in the bone m a r r o w  suspe ns io n or  fail to locate in the spleen 

(Mick lem & Ross, 1978; Schof ield ,  1978; Harr ison, 1979).

The h e te ro g e n e i t y  of  the s te m  cell pool  is also ev ident  in v i t r o . Mauch et al

(1980) fo un d  tha t  the CFU-S w i th in  the adherent  layer of  l o n g - t e r m  bone 

m a r r o w  cu l tu res had a h ighe r  s e l f - re n e w a l  capaci ty  than did n o n - a d h e r e n t  CFU 

S. Dur ing the ini t ial  e s ta b l is h m e n t  o f  the cu l tures the s e l f - re ne w a l  capaci ty  of 

the adhe ren t  CFU-S decreased as the to ta l  n u m b e r  of CFU-S per f lask 

Increased. A f t e r  3 weeks in cu l ture  the s e l f - re ne w a l  capaci ty  of  the adherent

CFU-S s tabi l ised and was mainta ined.

Serial t ra nsp la n ta t ion  in v ivo has sugges te d  tha t  the potent ia l  l i fespan of  bone 

m ar row ,  a l thoug h con s ide ra b ly  grea te r  than tha t  o f  an individual  animal is 

never the l ess  f in i te  (Barnes et al , 1959; Harr ison, 1975; Ogden & Micklem, 1976). 

This ob serva t io n  suppor ts  the Idea of  a "Hayfl ick"  l imi t  but  appears to 

c o n t ra d ic t  the resul ts  o f  in si tu haematopo ies is .  It has h o w e v e r  been 

sugges te d  th a t  the l im i ta t io ns  revealed by serial t ransp lan ta t ion are artefactual  

(Harr ison et al, 1978). It is poss ib le  tha t  the m o s t  p r im i t i ve  and highly 

s e l f - r e n e w i n g  s tem  cel ls are e i ther  not  t ransplan ted  or  fail to establ ish in the 

c o r re c t  m ic r o e n v i r o n m e n t  o f  the host  (Wol f  et al, 1983; Mick lem,  1983).

In s u m m a r y  the exper im en ts  refer red to  above s ugges t  an " a g e -s t r u c tu re "  

w i t h in  the s tem cell c o m p a r tm e n t ,  ye t  the average "age"  o f  the CFU-S 

popu la t ion  does not  increase. To resolve this paradox Schof ield  (1978) 

proposed  th a t  there was a m ore  pr im i t i ve  s tem cell than the CFU-S,  which  was 

i m m o r ta l  and existed in assoc ia t ion w i th  a cel lu lar  en v i ro n m e n t  (the "s tem cell 

niche").  Whi le  the s tem cell  is " f ixed"  in the niche its fu r th e r  maturat ion is 

prevented.  At d iv is ion only  one dau g h te r  remains in the niche wh i le  the other  

b e co m es  a " f ree" CFU-S w h ic h  matures and d i f ferent ia tes in an 

" a g e - s t r u c t u r e d "  fashion.

The need fo r  a spec i f ic  pro l i ferat ive n iche fo r  s tem cel ls has been chal lenged
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by Brecher  et al (1982). They fo u n d  tha t  2 - 1 3  weeks  af ter  in ject ion of  2 0 -2 0 0  x 

106 bone m a r r o w  cel ls, d o n o r  cel ls accounted fo r  up to  25% of  the total  

m a r r o w  cells. Such d o n o r  cell  popula t ions,  ident i f ied by a l l oenzymes ,  have 

been stable fo r  up to 2 years  a f ter  t r ansp lan ta t io n (LMF, unpub l is hed data). 

Comparable  resul ts  to th o se  re por te d  by Brecher  et al have been fo u n d  by Saxe 

et al (1984) using c h r o m o s o m e  markers.  These f i nd ings are not  necessar i ly  

inc ons is te n t  w i th  the "n iche"  hypo thes is .  The t r ans fus ion  of  large cell nu m bers  

may increase the pr obab i l i t y  o f  d o n o r  cel ls gain ing ent ry  into a s te m  cell  niche. 

It is also possib le tha t  in s teady  sta te co nd i t io ns  niches are not  fu l ly  oc cupied 

or tha t  in cer tain c i r c u m s ta n c e s  m ore  than one cell can co lon ise a niche.

Unt i l  recent ly  it has no t  been poss ib le  to  s tudy  the in v ivo clonal  o rgan isa t ion 

of  the h a e m a to p o ie t i c  s y s te m  of  norm al  mice. C h r o m o s o m a l l y  marked 

aggre ga t ion and rad ia t ion ch im aeras  have been used to  analyse l ineage 

re la t ionships (Ford et al , 1975; Gorn ish et al, 1972). In addi t ion,  radiat ion 

ch imaeras  have been used to  est im a te  the nu m bers  of  c lones  c o n t r ib u t in g  to 

haem atop oies is  (Wall is et al, 1975; Micklem & Ross,. 1978). However ,  as the 

serial t ra ns plan ta t ion  data s u g g e s t  (Ogden & Micklem, 1976) exper im en ta l ly  

man ipula ted animals  m ay  not  en t i re ly  co m pare  wi th  norm al  animals.

The d is covery  of  the e le c t ro p h o re t i c  var iant  o f  the X - e n c o d e d  enzyme,  

p h o s p h o g ly c e ra te -k in a s e  (PGK-1)  (Nielsen & Chapman,  1977) has made  poss ib le 

the s tudy of  normal  mice.  X c h r o m o s o m e  inac t ivat ion  (Lyon, 1961) resul ts in 

an imals  h e te rozygo us  at the Pgk-1 locus being natural  mosaics;  ind ividual  cel ls 

express e i ther  the normal  fo r m  of  the enzyme (PGK-1 B) or  the var iant  fo rm  

(PGK-1A), not  both. This s ys te m  has the potent ia l  to  analyse all cell types 

w hereas the c h r o m o s o m a l  markers  are rest r ic ted to  d iv id ing cells. In addi t ion 

the mature ha em ato p o ie t i c  cel ls o f  the per iphery  can be s tud ied longi tud ina l ly .  

Such an analysis w o u ld  be expected to  yield in fo rm a t io n  a bou t  the clonal  

act i v i t y  of  the bone m a r r o w  progeni to rs .  If a cell po pu la t ion  was der ived f r om  

one p ro g e n i to r  cell, on ly  one PGK-1 a l loenzyme w o u ld  be expressed in the 

mature c o m pa r tm en t .  At  the o th e r  ext reme if many  p r o g e n i to r  cel ls co n t r ib u te  

to  the final popula t ion  the t w o  a l loenzymes  w o u ld  be pr esent  in p rop o r t i o n s  

predic ted by the X - in a c t i v a t io n  process i tsel f  (see Chapter3) . In termed ia te  

s i tuat ions may be in te rp re ted  using b inomia l  s ta t is t ics  (Wall is et al, 1975).
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An ini t ial  a t t e m p t  to  do this appeared to  s h o w  large and f r equen t l y  sudden 

changes  in the rela t ive a m o u n ts  o f  the t w o  a l lo en zymes in serial samples of 

per iphera l  e ry t h r o c y t e s  (Bur ton et al . 1982). The resul ts  were compa rable  to a 

c o m p u t e r  s im u la t i on  th a t  assum ed  there were  3 c lones  producin g  ery throcy tes 

ov er  a 14 day per iod.  Such changes  were co n s is te n t  w i t h  the clonal 

success ion h y po th e s is  (Kay, 1965). An obv io us  p rogress io n  f r o m  the studies of 

Burton et al was  to  ser ial ly sample o th e r  m ature cel ls (eg. granu lo cy tes  and 

l y m p ho c y te s )  f r o m  the per iphera l  b lood of  h e te ro zyg o us  females. A parallel 

PGK-1 analys is  o f  the d i f fe rent  cel l  type s w o u ld  be expected to yield 

in fo rm a t io n  on the clonal  re la t ionship  be tw een  these l ineages.

The m a tu re  cell  t ypes have w id e ly  d i f fer ing l i fespans in the per iphera l  blood. 

The average l i fespan of  mur ine e ry th roc y te s  is be tw een  40 and 50 days (Russell 

& Bernstein,  1968). This has been ca lcula ted using 14C -g ly c in e  as a 

ha e m o g lo b in  p r ec u rs o r  (von Ehrenstein,  1958) and by t r ans fus ing  syngeneic
cq c i

normal  Fe- label led or  C r - labe l led  e ry th ro c y te s  into mice (Davies et al, 1955; 

Alpen &  C ranmore,  1959; G o od m a n  & Smi th,  1961). In cont rast ,  granu locytes 

are t h o u g h t  to  have a much s h o r te r  l i fespan. In human s this has been 

ca lcu la ted to be 6 - 8  hours  (Cronkite et al, 1959; C a r tw r ig h t  et al , 1964) which is 

s l igh t ly  lo nger  than tha t  ca lcula ted fo r  mice (Bryant  &  Kelly, 1958; Cronki te 

et al, 1959). Cross c i rcu la t ion  s tud ies using ch imae r ic  cal f  tw in s  measured the 

survival  t im e  f o r  g ranu lo cy te s  in the b lood to  be 9-11 hours  (Vincent  et a I, 

1974).

The length  of  t im e  ly m p h o c y te s  spend in the per iphera l  b lood is less c lear  cut. 

The m a jo r i t y  o f  T ly m p h o c y te s  are t h o u g h t  to be re la t ive ly l o n g - l i v e d  (4 6 

m on th s )  (Sprent  & Basten, 1973; Ropke et al, 1975). There is, howe ver ,  a wide 

range of  es t im a te s  fo r  B l y m p h o c y te s '  l i fespan ranging f ro m  only  a f e w  days 

(de Freitas &t Cou t inho,  1981; St rober ,  1972) to  several  weeks (Sprent  & Basten, 

1973; Kum araratne  &  MacLennan, 1981). It is l ikely tha t  the B lym phocy te  

pop ula t ion is he te ro g e n e ou s  w i th  respect  to  l i fespan (Ropke, et a[, 1975) and it 

has been sugges te d that  v irgin B cel ls are s h o r t - l i v e d  and m e m o r y  B cel ls are 

lo n g - l i v e d  (Strober , 1972). Flowever,  it is probably  not  as s imple  as this 

because s h o r t - l i v e d  m e m o r y  cel ls have also been repor ted (Feldbush, 1973). A 

fu r th e r  po in t  to  note is tha t  6 - 8 %  of  smal l  ly m p h oc y te s  f r o m  the peripheral  

b lood rem ained unlabel led af ter  c o n t i n uo us  in fusion of  i sotope fo r  near ly 10
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m o n th s  (Robinson et al, 1965). This sugges ts  the ex is tence of cel ls w i th  a very 

long l i fespan.

This s tu dy  set ou t  to analyse the PGK-1 ph eno types  of (and, by inference, 

l ineage re la t ionsh ips be tw een )  serial  samples  of  ery th rocy tes ,  granu locy tes,  and 

l y m p h o c y t e s  f r om  the per iphera l  b lood of  norm al  C B A / C a - Pgk-.1ab mice.

Mater ials & M e t h o d s .

In all exper im en ts  one drop of  per iphera l  blood, mixed w i t h  1001 sample buf fer  

was used as the e ry th ro c y te  sample.  In the per iphera l  b lood of  a CBA m ouse 

the re  are 8 - 1 0  x 106 r b c / m m 3 and 5 -7  x 103 w b c / m m 3 Thus in a w h o le  b lood 

sample rbc o u t n u m b e r  w b c  by a f a c to r  of  m ore than one thousand.

1. Iso la t ion of  g r a n u l o c y t e s .

Granu locy te s  w e re  iso la ted from, the per iphera l  b lood using the FACS. 10-12 

drops of  b lood we re  taken f ro m  the re t r o - o r b i ta l  s inus and mixed w i th  8ml of  

p h o s p h a t e - b u f f e r e d  sal ine (PBS) conta in ing 0 .2 m g /m l  EDTA, 0 . 5 m g / m l  BSA,

0.1% sod iu m  azide and 25 u n i t s /m l  hepar in (PBS-EB). Cells were  cen t r i f uge d  

fo r  10 mins at 450g and the superna ta n t  was carefu l ly  re m oved  w i th  a Pasteur 

pipet te.  Red b lood cel ls (rbc) we re  re m oved  by h y po to n ic  shock  -  4.5ml 

d ist i l led w a t e r  was added fo r  12 seconds then 0.5ml 10X MEM (Eagle) m e d iu m  

(Gibco).  Cel ls were  c en t r i f uge d  at 250g fo r  10mins and w h i te  b lood  cel ls were  

resus pend ed  in 0.3ml PBS-EB fo r  FACS analysis and sor t ing.  Any  re m a in in g  rbc 

and dead cel ls were  exc luded f rom  fu r th e r  analysis using a fo r w a r d  l igh t  scat ter  

gate. Figure 4:1A s h o w s  the FACS dot  p lo t  of  per iphera l  w h i t e  b lood  cel ls 

analysed on fo r w a r d  l ight  scat te r  vs. r i g h t - a n g l e  l ight  scat ter .  The t w o  

p o pu la t i ons  ind icated (a and b) were  co l lec ted in a plast ic,  f l a t - b o t t o m e d  

receptacle ,  p rev ious ly  coated w i th  serum (app rox imate ly  50,000/wel l ) .  A f te r  

c e n t r i f ug a t io n  the superna ta nt  was re m oved  and a h a i r -d r ie r  was used to 

evapora te  the rem ain ing  l iquid. The wel l  was shaken dur ing th is  evapor at ion 

proces s to ensure an even " lawn"  o f  cel ls pr ior  to  s ta in ing w i th  M a y - G r u n w a l d  

and Giemsa (Chapter  2, Sect ion 5). The b o t t o m  of  the wel l  was then m ounted ,



Figure A : 1

A. FACS dot plot of unstained peripheral white blood

cells analysed using forward and right angle scatter. 

Populations "a" and "b" were sorted and stained with 

May-Grunwald/Giemsa. Differential cell counts (Table 

4:1a) showed that Population “b" was enriched for 

granulocytes.

B. FACS dot-plot of FITC-RAMIg-stained peripheral white 

blood cells.

Population "b" : granulocytes 

”c” : T lymphocytes 

"d” : B lymphocytes
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Table 4 : 1(a )

Differential cell counts of sorted populations defined 

in Figure 4:1A. The mean percentage ( -SD) of lymphocytes 

and granulocytes in 13 independent sorts is shown. The 

remaining cells were monocytes.

Population Lymphocytes Granulocytes

a

b"

73± 9 

4 ±  5

1 -  1 

89 i 8
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"celte up'', o n to  a glass sl ide us ing sel lotape. D i f fe ren t ia l  cel l  coun ts  w e re  

p e r fo rm ed  on the co l lec ted samples.  Table 4:1a s h o w s  th a t  pop ula t ion b was 

enr iched fo r  g ranu lo cy tes.  These cel ls have a h ig her  f o rw a rd  l ight  scat ter  

( ind icat ing tha t  th e y  are s l ig h t l y  larger) and a h ighe r  r i g h t - a n g l e d  sc at te r  

( ind icat ing th a t  they  are s t ruc tu ra l l y  m ore  com p le x )  than lym phocy tes .  

G ranu lo cy te s  usual ly  a c c o u n te d  fo r  10 -1 5 %  of  the to ta l  w h i t e  b lood cell 

popula t ion.

2. Iso la t ion of  B l y m p h o c y t e s .

10-12 drop s of  per iphera l  b lood  w ere  co l le cted  and rbcs lysed as descr ibed 

above. There w ere  ap p ro x im a te ly  106 viable w h i te  b lood  cel ls re m a in in g  af ter  

the o s m o t i c  lysis and they  w e re  then s tained w i th  3jul f lu o resce in  label led 

rabbi t  ant isera to  m ouse  im m u n o g l o b u l i n  heavy and l ight  chains (FITC-RAMIg) 

in 1ml PBS-EB f o r  30 mins  at 4°C. Cells were  w ashed  t w i c e  w i t h  PBS-EB and 

res us pend ed  in 0.3ml fo r  FACS analysis and sor t ing.  A typ ica l  FACS do t  p lo t  of  

F IT C -R AM Ig -s ta in e d  per iphera l  w h i te  b lood cel ls is s h o w n  in Figure 4:1B. B 

cel ls we re  ident i fed by th e i r  pos i t iv e  s tain ing ( m l g +) w i th  FITC-RAMIg and 

g ra n u lo cy te s  by the i r  high r i g h t - a n g l e d  l ight  scatter . Unsta ined l y m p h o c y te s  

were  t h o u g h t  to  be p r e d o m in a n t l y  T cel ls. On one oc cas io n  so r te d m l g '  

l y m p h o c y te s  w e re  reanalysed af ter  s ta in ing w i t h  3 0 - H 1 2  -  a rat m on o c lo n a l  

an t ibody  to m o u s e  T h y -1 .2  sur face ant igen f o l l o w e d  by a FITC- label led goat  

a n t i - r a t  IgG (w ho le  molecu le)  (M i l e s -Y e d a  Ltd, Israel). 3 0 -H 1 2  reacts w i th  the 

T h y -1 .2  ant igen on all ma tu re  T cel ls and t h y m o c y t e s  (Ledbet te r  &. Herzenberg,

1979). The m l g '  popu la t ion was fo u n d  to cons is t  o f  80% T h y-1 .2  pos i t i ve  cells.

1- 2  x 105 ly m p h o c y te s  and 3 - 5  x 104 g ra n u lo cy te s  w e re  sor ted,  c e n t r i f uge d  and
y.

res us pend ed  in sample buf fe r  (5x104 cells^l and 104/ l  respect ively) .  The PGK-1 

analys is was  pe r fo rm e d  as descr ibe d in Chapte r  2. The d i f fe ren t  ex per im en ts  in 

this chap te r  var ied w i th  respec t  to  the type of  s ta in ing s ys te m  used. Detai ls 

are g iven in the text  of  the  resul ts  sect ion.

3. Enumera t ion of  c lo n e s .

The mice  used in this series  o f  ex per im en ts  w e re  mosaics;  they  consis ted of  

t w o  d is t igu ishab le  cell popu la t ions  express ing e i ther  PGK-1A (A) or  PGK-1B (B).
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This was the case fo r  all t issues,  inc lud ing the h a e m a t o p o ie t i c  system.  It Is

th e o re t i ca l l y  poss ib le  to analyse the c lonal  ac t iv i t y  o f  the bone m a r r o w  stem

cel ls o f  these mice.  I wi l l  c o n s id e r  the e ry th ro c y te  l ineage as an example.  It is

pr oposed  tha t  the s te m cel ls Invo lved In e r y th ro p o ie s is  at any one t im e  are

eventua l ly  exhausted and e r y th ro p o ie s is  is taken o v e r  by ano th e r  set of  s tem

cel ls (Kay, 1965). If the n u m b e r  of  s tem cel ls in vo lved  is smal l  (eg. 1 or  2)

there wi l l  be a high probab i l i ty  tha t  the ident i ty  (ie A or  B) o f  the s te m cel ls

act ive at d i f fe ren t  po in ts  in t im e  wi l l  di f fer.  Thus th e re  wi l l  be a re la t ive ly  large

var iance in the PGK-1 p h e n o ty p e  be tw e e n  serial  sa m p les  of  ma tu re  cel ls o f  the

periphera l  blood. On the o th e r  hand, If the n u m b e r  o f  cel ls invo lved  is large

(eg. 1000) the var iance in the PGK-1 p h e n o ty p e  of  ser ial ly  sam p led  per iphera l

b lood cel ls wi l l  be small .  The b inom ia l  f o rm u la  (Wal l is et  al , 1975) can be used

to es t im a te  c lone n u m be rs  f r o m  the var iance in PGK-1 pheno type :

r T C .



n

s2

w h e re  n = n u m b e r  o f  c lones

p = mean p r o p o r t i o n  of  PGK-1A 

(1 —p) = mean  p rp o r t io n  of  PGK-1B 

s2 = the var iance of  p

This is the s im p le s t  f o r m  of  the equat ion  and assum es  th a t  all c lone s are equal 

in size. This is p robab ly  not  the case and Stone (1984) has cons id e re d  the 

analysis of  unequal  c lone sizes. He d iscusses the fa c t  tha t  if c lones are 

unequal  in size and if th is  is no t  cons idered in the analys is  the n u m b e r  of  

c lones wi l l  be unde res t ima te d .  A co r rec t io n  fa c to r  could,  th eoret ica l ly ,  be used 

but  this canno t  be ca lcu la ted f r o m  ou r  data.

The var iance be tw ee n  samples  was ca lcu la ted in t w o  ways.  In e x p e r im e n ts  1 

and 2 the var iance (s2) was ca lcula ted f r o m  the s tandard  dev ia t io n (s). In 

exper im en t  3, a nested analysis o f  var iance was p e r fo rm ed  on the data. This 

a ppor t io ne d the var ia t io n b e tw e e n  samples  in to 3 ca tegor ies :  mean square 

be tw een  mice,  mean square be tw ee n  serial samples  and mean  square be tw een  

repl icate samples. The analys is  was done using a c o m p u t e r  p r o g r a m m e  the 

detai ls o f  w h ic h  are g iven in A ppend ix  VII. An ex ample  of  an AIMOVA tab le  is 

s h ow n in the resul ts sec t ion of  this chapter .  The var iance  b e tw e e n  serial 

samp les can be ca lcu la ted f r o m  the f o l l o w in g  equat ion:

s2 = MS be tw een  serial sa mples -  MS be tw e e n  repl icate

m

w here  : s2 = var iance b e tw ee n  serial samples 

MS = Mean square

m = nu m b e r  o f  rep l icates (Sokal & Rohlf, 1969)

p( 1 -p )
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Results

1. Expe r imen t  1.

Ery th ro cy te s  w e re  sa mpled  f r o m - 6 (CBA/Ca x C 3 H - Pgk-  1a) F1 fem ales  every  2 

weeks  fo r  6 m o n t h s  then m o n t h l y  th e rea f te r  fo r  a to ta l  per iod of  26 months.  

The p r o p o r t i o n  of  PGK -1A in each samp le was analysed once  us ing the 

MTT/PMS sta in ing  techniqu e.  S om e (53/104)  w e re  analysed tw ic e  and in these 

cases the mean  PGK-1A va lue was  used in the var iance ca lcu la t io ns  (see 

A ppend ix  III fo r  ful l  results).

E ry t h rocy te s have a l i fespan of  4 0 - 5 0  days (Russel l  & Bernstein,  1966) thus 

on ly  the sa mples tha t  are separated by m or e than this per iod of  t im e  can be 

co ns id e re d  as " in d e pe n de n t"  samples.  I have used the te rm  " Independen t"  to 

def ine the re la t ionsh ip  b e tw e e n  t w o  e ry th ro c y te  sam ples th a t  are separated by 

a per iod of  t im e  such tha t  no e ry th ro c y te  pr esent  at sam p l in g  t im e  n wi l l  be 

pr esent  at sam p l in g  t im e  n + 1. Table 4:1 sh o w s  the PGK-1 p h e n o ty p e s  of  one 

ser ies o f  " in d e p e n d en t "  sam ples  (at least 56 days apart)  f o r  each of  the six 

mice.

The var iance b e tw e en  the sam ples  of  this " in depen den t" se r ies  (which s tar ted at 

the f i rs t  sample)  was ca lcu lated.  In addi t ion,  an o the r  3 " in d e p en d en t"  sets, 

w h ic h  s tar ted at the 2nd, 3rd and 4r th samples,  were  ca lcula ted and used in 

c lone n u m b e r  e s t im a t io n s  (Table 4:2). The var iance be tw ee n  sam ples w i t h in  a 

ser ies ranged f r o m  3.7 to  24.0 and es t im a te d  c lone n um bers  ranged f r o m  106 

to  551.

2. Exper iment  2 .

Er y th rocy tes  and g ranu lo cy te s  w e re  sampled f r o m  the per iphera l  b lood  of  6 

C B A / C a - P g k - 1 ab fem ales  at t w o - w e e k  interva ls  fo r  6 m on ths ,  then at vary ing 

in tervals ov er  the f o l l o w in g  18 months .  M o s t  g ranu lo cy te  samples  w e re  run 

on ly  once us ing the 14C sys tem ,  but  w hen  they  were  repl icated the mean 

PGK-1A va lue was used in the v a r ia nc e /c lo n e  n um b e r  ca lculat ion.  The m a jo r i t y  

of  e ry th ro c y te  samp les w e re  run once using the MTT/PMS stain and once us ing 

the 14C stain, the mean value being used in fu r th e r  analyses. The ful l  data are
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Table 4: 1

'/.PGK- 1A present in one set of "independent" erythrocyte samples 
(5G days apart) from G (CBA/ta x C3H-Pqk-1a) F1 females.

Mouse
Day

B3 B5 C1 C5 D 1 D5

0 84 70 68 73 68
65 81 78 73 81 78 G7

121 82 80 G5 7 G 79 54
180 80 75 70 72 78 G3
255 78 73 G4 G9 77 55
324 83 73 64 72 7 G 58
387 79 72 G3 G8 77 58
44G 79 70 G8 68 78 58
502 82 70 G3 73 83 57
G3G 89 7 G G9 71 - G2
703 83 75 G 4 68 80 G 1
789 82 - G4 GG - GO

u \



Table 4:2

Variance/clone number calculations from 4 sets of independent
erythrocyte samples from G (CBA/Ca x C3H-Pgk-1 ) F1 females.

Mouse Mean Va riance Clones
(p) (s2 ) (n)

B3 81.8 7 . 3 204
80 . 4 5 . 5 2 8 G
81.4 10.4 14G
80 . 7 11.0 142

B5 74.2 10 . G 181
73 . 9 10.5 184
74 . 5 24 . 0 10G
74.0 8 . 4 229

C1 68.'3 10.4 215

cn <J1 LO 9 . G 234
GG . G 1 G . 2 137
GG.4 G . 4 349

C5 71.0 17.5 118
70 . 2 12.2 171
70 . 4 12.5 167
70 . 8 11.0 188

D 1 77 . 9 G . 4 2G9
77 . 0 3 . 7 479
77 . 1 5 . 4 327

D5 60.2 19 . 9 120
58 . G 15.7 154
58.7 4.4 551
58 . 2 14.2 171

U 2



in A pp e n d ix  III. Three sets of  " independent "  samples  per  m o u s e  w e re  used in 

an es t im a te  of  c lone  nu m b e rs  invo lved  in e ry th ro po ie s is  (Table 4:3). Var iances 

ranged f r o m  4.7 to 44.3 and c lone nu m b ers  f r o m  50 to 438.

Granu lo cy te s  have a re la t i ve ly  sh o r t  l i fespan (less than 9 hours)  and so it can 

be assu m ed  th a t  g ra n u lo c y te  sam ples  taken 14 days apar t  are " independen t" .  

Table 4:4 s h o w s  the v a r ia n c e /c lo n e  n u m b e r  ca lcu la t io ns  fo r  th e  6 mice.

Var iances ranged f r o m  10.0 to  20.2; thus  c lone n u m bers  es t i m a te d  to be

involved  in g ra n u lo p o ie s is  ranged f ro m  79 to 170.

3. Exper iment  3 .

Exper iments  1 and 2 cast  d o u b t  on the resul ts repo r ted  by Bur ton et a I (1982). 

Var iances ca lcu la ted here are ve ry  m uch  less and even so m e  of  th is  m u s t  be 

at t r ibuted  to  techn ica l  error.  So m e of  the samples were  analysed tw ic e  but  

this was not  done rout inely .

The f o l l o w in g  e x p e r im e n t  was set  up and analysed in an a t t e m p t  to  exclude 

te chnica l  va r iance f r o m  the c lone n u m b e r  calculat ion.  In addi t ion,  ly m p h o c y t e  

samples were  analysed. Six C B A / C a - P g k - 1 ab (C1-C6)  were  bled every  t w o  

wee ks  fo r  22 weeks  and the PGK-1 p h e n o ty p e  of  e ry th roc ytes ,  g ra n u lo cy te s  

and B and T l y m p h o c y t e s  was de te rm ined .  Al l  samples w e re  analysed tw ic e  

us ing the 14C sta in ing system.  The mean % PG K -1A  pr esent  (ie. mean of  t w o

repl icates) fo r  all samples  are s h ow n  graph ica l ly  in Figures 4:2(a) and 4:2(b).

The co m p le te  data are g iven in Ap pend ix  III.

The resul ts fo r  each cel l  type  were  analysed using nested analyses of  var iance 

w h ic h  ap p o r t io n e d  the var iance into 3 categor ies:  var iance b e tw ee n  mice;  

var iance be tw e en  sam ples w i th in  mice and var iance be tw een  rep l icates (i.e. 

techn ica l  variance).  Table 4:5 is a typical  ANOVA table. In th is  example  6 mice 

w e re  analysed, 4 e ry th ro c y te  s a m p le s / m o u s e  and 2 rep l ica te s /s a m p le .  The 

s ign i f icance of  the sam ple var ia t ions w i t h in  mice was assessed by ca lcu la t ing 

the var iance rat io,  F. Thus, in the example given,  F= 30/5 = 6. From F tab les 

this value is s ig n i f ican t  (F[1824](p<0.001)  = 3.7). Abbrev ia te d resul ts o f  the 

ANOVA analyses are s h o w n  in Table 4:6. There are s ign i f ican t  d i f fe renc es 

(p <0 .0 5 )  in the PGK-1 phe n o ty p e  be tw een  " indepen den t"  serial  sam ples  of  all
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Table 4:3

Variance/clone number calculations for 3 sets of "independent"
erythrocyte samples for erythrocytes from 6 CBA/Ca-Pgk-1
females.

Mouse Mean Variance Clones
(p) (s2) (n)

A2 69 . 8 LD ro 229
G7 . 5 9 . G 228
G8 . 8 4.9 438

A4 81.2 4 . 7 325
80 . 8 13.2 118
79 . G 13.3 122

87 75 . 1 35 . 8 52
74.8 24 . G 77
74 . 0 21 . 5 89

C11 79 . 8 11 . G 139
7G.5 13.7 131
78 . 5 8 . 3 203

C 13 81.0 15.0 103
78 . 2 34.0 50
77 . 8 8.9 194

C U G5 . G 44.3 51
63 . 5 23 . 0 101
GO . 0 41 . 0 58

u u



Table 4 : 4

Mouse Mean Variance Clones
(p) (s2 ) (n)

Variance/clone number calculations for serial samples of
granulocytes from G CBA/Ca-Pgk-1 females.

A2 70 . 5 1 2 . 2 170
A 4 80 . 0 20 . 2 79
B7 7 8 . 5 10 . 0 1G9

C 1 1 7 G . 1 1 9 . 8 92
C 13 78 . 7 1 0 . 5 1 GO
C 1 4 G7 . 0 17 . 0 130

Table 4.5

An example of an ANOVA table

Source of variance DF SS MS

Mouse stratum 5 2154 431
M o u s e .sample.stratum 18 55G 30
M o u s e .sample.gel stratum 24 112 5

Grand Mean = 75.S
Total no. observations = 48

DF = degrees of freedom 
SS = sums of squares 
MS - mean square



Figure 4:2 ( a ) and (b )

PGK-1A present in serial samples of 4 cell types 

isolated from the peripheral blood of G PGK-1AB females.

Figure 4 : 2(a ) : Mice C 1, C2 and C3 

4 : 2(b) : Mice C 4 , C5 and CG

Colour code:  —  erythrocytes

B lymphocytes 

T lymphocytes 

Granulocytes
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Table 4:6

Summary of ANOVA analyses of serial samples of different cell 
types from the peripheral blood of G CBA/Ca-Pgk-1 mice.
* ( ) shows the independent samples that were used in the
calculation.

F mr 241 <P<0 05 ) = 2 0 : (P<0 01) -- 2 .1  
F (p< 0.05) = 1.7 ; (p<0.01) = 2.1

L 48 i D4 J

Cell type MS
b/w samples

MS
b/w replicates

F

Eryth .(2,4,7,11)* 29 . 2 4 . 9 G . 0
(1,4,7,10) 30 . 9 4 . 7 G. G
(2,5,8,11) 21.0 5.9 3 . G

B lymphocytes 18.7 G . 7 2 . 8

T lymphocytes 1 G . 0 8 .1 2 . 0

Granulo cytes 21.5 8 . 0 2.7



cell ty pes  s tudied:  e ry th ro c y te s ,  g ranulocy tes ,  B l y m p h o c y te s  and T

ly m p h o c y te s .

A l t h o u g h  som e  tec hn ica l  va r iance  has been taken into a c c o u n t  in this analysis,  

it is l ikely tha t  there  are add i t i onal  sources  th a t  have no t  been inc luded.  A 

pr e l im in a ry  analys is  s u g ge s te d  th a t  there is a s ig n i f ic an t ly  ( p< 0 .0 5 )  grea te r  

a m o u n t  o f  techn ica l  er ror  inv o lved  w hen  repl icates are run on d i f feren t  days 

than  w h e n  th e y  are run on the same day (J.D. Ansel l ,  pers. comm.) .  In the 

e xp e r im e n t  repor ted here, all rep l icates were run on the same day; thus  som e 

of  the var iance be tw e e n  sam ples  could  be a t t r ibuted  to  d a y - d a y  var iat ion.  In 

an ef fo r t  to assess this source  of  var iance, the f o l l o w in g  analys is  was 

per fo rm ed .  The var iance ra t ios (F values)  were  ca lcu la ted fo r  several  pairs o f  

e ry th r o c y te  sam ples th a t  w e re  14 days apar t ( "adjacent"pa irs) .  These t w o  

samples  w o u ld  be der ived f r o m  cell  po pu la t io ns  th a t  w o u ld  p re s u m a b ly  have 

one quar te r  to  o n e - t h i r d  o f  th e i r  cel ls in c o m m o n .  B io logical  var iance be tw een  

such sa mp les  would,  the re fo re ,  be less than be tw een  " in de p e n d e n t "  samp les 

(56 days apart),  but  techn ica l  var iance should  be the same. F va lues f ro m  

" in d ep e n d e n t"  and "ad jacent"  pairs were  co mpared.  The resul ts are s h o w n  in 

Table 4:7. A M a n n - W h i t n e y  U tes t  sh ow e d  tha t  " in d e p en de n t"  F values we re  

s ign i f ic an t l y  h ighe r  (0.01 < p < 0 . 0 2 )  than "ad jacent"  F values. Techn ica l  var iance 

(MSrep| ) fo r  " indepen den t "  sam ples  was not  s ig n i f ican t ly  d i f feren t  (p=0.5) to tha t  

f o r  "ad jacent"  samples,  as expected.  These resul ts  sugges te d tha t  there was 

t rue b io log ica l  var iance be tw e e n  serial samp les of  ery th rocy tes .

There was no s ign i f ic an t  d i f fe rence  be tw een  "adjacent"  and " in depen den t"  pairs 

fo r  the o th e r  cel l  types.  This cou ld  be explained by the fac t  th a t  all pairs of  

g ran u lo cy te s  could  be cons id e re d  " in dependen t"  pairs because of  th e i r

re la t ive ly  sho r t  l i fespan ( < 1  day). The long l i fespan of  T cel ls (4 -6  m on th s )

w o u ld  resul t  in none of  these  pairs being " independen t" .  The l i fespan of  B

ly m p h o c y te s  in the per iphera l  b lood  is not  clear. As d iscussed in the

in t ro d u c t io n  e s t im a t i o ns  have ranged f ro m  several  days to  several  weeks.

The n u m b e r  o f  c lones t h o u g h t  to  be act ive in each of  the cell  l ineages was 

ca lcu la ted  as descr ibed in the mater ia ls  and method s.  Clones nu m b ers  fo r  the 

e ry th ro c y te  l ineage ranged f r o m  141 to 549 (Table 4:8). It should  be noted  th a t  

m o s t  o f  the  " indepen den t "  e r y th r o c y te  samples in th is  exp e r im e n t  w e re  42 days



Table 4:7

V a n a n c e - r a t i o s  (F and F ) for "adjacent" and "independent" pairs 
of erythrocyte samples. F (and F )  values that are significant 
(p <0.01) are underlined. A Mann-Whitney U test showed that F'
values were significantly (0.01<p<0.02) higher than F values.

adj

Adiacent samples Independent samples
(14 days apart) (>70 days apart)

Samples MS MS F Samples MS MS F '
A 8 samples r e p l . A 8 samples r e p l .

2 3 21 .5 5 . 4 4 . 0 2 7 2G . 8 4 . 9 5 . 5
3 4 10.9 4 . 1 2 . G 3 8 21 .2 5.2 4 . 1
4 5 8 . 1 G . G 1 . 2 4 9 17.3 3 . 2 5.4
5 G 7 . 0 G . 9 1 . 0 5 11 10.8 G . 4 1 . 7
G 7 14.8 4 . 9 3 . 0 2 11 35 . 7 5 . 1 7 . 0
7 8 21 . G 4 . 8 4 . 5 3 11 14.0 4.9 2.8
a 9 9 . 4 4 . 8 2 . 0 4 11 14 . G 3.8 3.8
9 10 18.9 3 . 8 5 . 0 4 10 21.4 3 . 5 G. 1
10 11 9 . 0 3 . 9 2 . 3 2 10 32.7 4.4 7 . 4

3 10 19.9 4 . 2 4 . 7
2 9 50 . 1 4 . 9 10.2
3 9 15.8 4 . 8 3 . 3
2 8 34 . 4 4 . 1 8 . 4
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Table 4 : 8

Cell Type Mean Variance Clones
( p ) ( s 2 ) ( n )

Variance/clone number calculations for different cell lineages
of 6 CBA/Ca-Pgk- 1ab females.

Ery t h . (2,4,7,11) 75 . 8 12.2 150
(1,4 7 10) 75 . G 13.1 141
(2,5 8 11) 74 . 8 7 . G 248
*(2,6, 11) 74 . G 8 . 1 234
M 3 , 7  11) 74 . 7 3 . 4 549

B lymphocytes 73 . 2 6. 0 327

T lymphocytes 73 . G 4.0 48G

Granulocytes 73 . 2 G . 8 288

* these sets of independent samples were 56 days apart whereas 
the other sets were 42 days apart.



apar t  -  po ss ib ly  a l i t t le s hor t  o f  the cel ls '  l i fespan. H o w e v e r  the n u m b e r  of 

sam ples tha t  w e re  separated by the ful l  56 days w e re  l im i ted as the e xp e r im e n t  

on ly  ran fo r  22 weeks.  The n u m b e r  of  es t imates  is t o o  smal l  to make a val id 

c o m p a r is o n  b e tw e e n  these t w o  sets of  f igures.  Clone n u m bers  of  288, 327 and 

486 were  ca lcu la ted fo r  granu lo cy tes ,  B l y m p h o c y te s  and T l y m p h o c y t e s  

respec t iv e ly  (Table 4:8).

Figures 4:2(a) and 4:2(b) s h o w  tha t  all cell types w i th in  an ind iv idual  m ouse  

have s imi lar  % P G K -1 A  values. The cov ar iances be tw een  the d i f fe ren t  cel l  type s 

fo r  4 of the sa m p le s  w e re  ca lcu la ted  and mean co r re la t ion  co e f f i c ie n ts  are 

s h ow n  in Table 4:9. High co r re la t ion coe f f i cen ts  were  ca lcu la ted be tw e e n  all 

pairs ind icat ing th a t  they  are all der ived f r o m  a c o m m o n  p re c u rs o r  pool.  It is, 

howe ver ,  l ikely th a t  th is  is p r imar i ly  represen t in g the pool  o f  cel ls p res en t  at 

the t im e  of  X c h r o m o s o m e  inact ivat ion,  so no c o nc lu s io ns  can be draw n 

con cern in g  the p lu r ip otenc y,  or  o the rw is e ,  o f  the s te m  cel ls in the adult.



Table 4 : 9

Mean correlation coefficients between the different^ 
cell types of the peripheral blood of CBA/Ca-Pqk-1 
mi c e .

E B T

B 0.912
T 0.858 0.929
G 0.883 0.822 0.879

E - erythrocytes 
B - B lymphocytes 
T - T lymphocytes 
G - Granulocytes



D isc u ss io n

Females tha t  are h e te ro z y g o u s  fo r  X - l i n k e d  gene p ro d u c ts  c o n s is t  o f  t w o  

g enet ica l ly  d is t i n c t  cell popu la t ions.  By e s t i m a t i n g  the p r o p o r t i o n s  of  the t w o  

cell- typ es  p res en t  in d i f feren t  t issues,  p re c u rs o r  cel l  n u m be rs  and cell  l ineage 

re la t ionsh ips can be estab l ished.  This fo r m  of  v a r ia n c e /c o v a r ia nc e  analys is  has 

been d iscussed in detai l  by Nesbi t t  (1971), Kane (1978) and Stone  (1983). In 

re la t ive ly  s im p l is t i c  te rms,  the n u m b e r  o f  p rec u rs o r  cel ls is inverse ly  related to  

the  var iance b e tw e e n  t issues f r o m  d i f fe ren t  individuals.  The covar iance 

be tw e e n  t issues w i t h in  an indiv idual  g ives an ind ica t ion  of  l ineage re la t ionsh ips 

-  a high covar iance ind ica t ing a c o m m o n  p re cu rso r  cel l  pool .

In a sense, all t issues  w i th in  a m osa ic  ind iv idual  are u l t im a te ly  der ived  f r o m  a 

c o m m o n  p r e c u rs o r  pool  -  the pool  o f  cel ls present  at the t im e  of  X

inact ivat ion.  M cM ahon ,  Fosten and M o n k  (1983) ca lcu la ted th a t  th e re  was a 

smal l  n u m b e r  (approx im ate ly  47) o f  cel ls p res en t  in the m o u s e  e m b r y o  at th is  

t ime.  The degree of  expansion of  th is  pool  and the size of  s u b s e q u e n t  

sa m p l in g  events  in t issue f o r m a t io n  wi l l  a f fect  the observed  var iance be tw een  

and w i th in  adul t  t issues.  The sm al lest  sa mpl ing event  wi l l  have the g rea tes t  

e f fec t  and it is poss ib le  th a t  this could  be the X - in a c t i v a t io n  proces s  itself.

Var ious sa mpl ing events  take place be tw e e n  the X - in a c t i v a t io n  p roce ss  and the 

f o r m a t io n  of  the adul t  ha em a to p o ie t i c  system.  Soon af ter  m e s o d e r m  a l locat ion,  

cel ls  are set aside to fo r m  the yo lk  sac; the f i rs t  si te of  h a e m a top o ie s is

(Metca l f  & Moore,  1971). It is poss ib le  th a t  this invo lves a re la t ive ly  smal l

n u m b e r  o f  cel ls because the yo lk  sac appears  to arise f r o m  a smal l  area of

m e s o d e rm a l  t issue at a t im e  w h e n  l i t t le cel l  mix ing  could  have occur red .  

S ubsequ en t  sam pl ing events  o c c u r  w h e n  haem ato p o ie s is  m o v e s  to  the foeta l  

l iver, then to  the bone m a r r o w  (Metca l f  & Moore,  1971). It is l ikely th a t  these  

ev ents  invo lve larger  nu m bers  of  cells.

The var iance in PGK-1 pheno type  of  h a em a to p o ie t i c  t issue f r o m  d i f fe ren t  m ice 

has been used to  es t im ate a p re c u rs o r  cel l  nu m b e r  o f  1 8 -20  fo r  the 

e ry th ro c y te  l ineage (Mick lem et al, 1983; Lennon,  1985), 12-15  f o r  t h y m i c  lobes 

and 11 19 fo r  individual  fe m urs  (Lennon, 1985). These nu m bers  are in the same 

o rd e r  o f  m ag n i t ud e  as th ose  ca lcula ted fo r  human h ae m a to p o ie t i c  l ineages
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using fem ales  he te ro z y g o u s  fo r  the X - l i n k e d  marker  g l u c o s e - 6 - p h o s p h a t e  

deh y d ro g e n a s e  (G6PD) (Fialkow, 1973). A p r ec u rs o r  pool  o f  13 was ca lcula ted 

f o r  ery th rocy te s ,  16 fo r  g ra n u lo c y te s  and 19 fo r  per iphera l  b lood  ly m phocy te s .  

It is w o r t h  no t in g  tha t  these n u m b e rs  are less than th a t  ca lcu la ted for  the 

n u m b e r  of  cel ls p res en t  at X - in a c t i v a t io n .

The large var iance be tw e en  serial  samp les of  e ry th ro c y te s  repor te d  by Bur ton 

et al (1982), sug g e s te d  th a t  a ve ry  smal l  sam pl ing ev en t  takes place dur ing 

adul t  ery thropoies is .  This cou ld  a c coun t  fo r  a p r o p o r t io n  of  the var iance

be tw een  individuals.  Thus fo u n d e r  cell numbers ,  quo te d  above, w o u ld  be

under es t ima ted .  However ,  in a p re l im in ary  repor t  (M ick lem et al , 1983) we have 

cast  d o ub t  on th is  source of  var iance.  Reanalysis o f sam p les  used in the 

or ig ina l  e x p e r im e n t  using im p ro v e d  m e th o d s  s h o w e d  tha t  the apparen t ly  

sudden changes were  at t r ib u ta b le  to  te chn ica l  p rob lems.  Extensive 

repeatab i l i ty  e xper im en ts  (Ansel l  & Micklem, 1986; Lennon, 1985) s t ress th a t  the 

te chn ica l  var iance w i th in  each ex pe r im e n t  m u s t  be assessed and tha t  r igorous  

qual i ty  con t r o l  m u s t  be exercised.

The present  s t udy  sh o w s  tha t  th ere is a rela t ive ly smal l  a m o u n t  o f  var iance 

be tw een  serial samp les of  e ry thr oc ytes ,  B and T l y m p h o c y te s  and granu lo cytes .  

A t t e m p t s  w e re  made to exc lude technica l  var iance by ro u t i ne ly  repl icat ing

samples.  In addi t ion the d a y - d a y  var iance in the te c h n iq u e  was  taken into

a c c o un t  to  s o m e  extent.  H o w e v e r  this source of  va r iance is no t  necessar i ly  

constant .  It is poss ib le  th a t  th e re  w o u ld  be less technica l  var iance be tw een  

ident ica l  samples  analysed t w o  week s  apar t than samp les analysed 2 - 3  m o n th s  

apart. This is a lm o s t  im possib le  to assess as the s to rage  of  such samp les 

w ou ld  prov ide yet  ano th e r  sou rce  of  var iance. Exper imenta l  sam ples  were  

analysed w i t h in  2 - 3  days of  co l lec t ion ,  but  ob v io us ly  several  m o n t h s  separated 

the  analysis o f  the f i rst  samp le and th a t  o f  the last.

It remains unc lear  w h e th e r  the smal l  a m o u n t  o f  var ia t ion b e tw e en  serial 

samp les can be at t r ib uted  to t rue  b io log ica l  var iance. Clear ly m a n y  c lones are 

act ive in haem atopoies is  in any uni t  t i m e  and it is, therefo re,  d i f f ic u l t  to  assess 

w h e t h e r  any changes  in clonal  act iv i ty  occur . I have t r ied to  ca lcu la te  the 

n u m b e r  of  c lones tha t  are act ive in the d i f ferent  cell l ineages.  The ca lcu la t io ns  

assum e th a t  a fo r m  of  clonal  succ es s ion  exists and th is  m ay  or  m ay  not  be
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just i f ied.  A fu r th e r  a s s u m p t i o n  (probably  un just i f ied)  is th a t  the c lones are 

equal  in size and lon gevi ty .  It is poss ib le  tha t  any var ia t ion be tw e en  serial 

sa m p le s  is the result ,  no t  of  ch ange s in clonal  ident i ty,  but  of  cha nges in c lone 

size. A c o m b in a t io n  of  th ese  t w o  processes may  exist  but  it m u s t  be noted 

th a t  d i f fe renc es  in c lone size wi l l  lead to an u n d e re s t im a t io n  of  c lone n u m bers  

(Stone,  1984).

Exper iments  1 and 3 had d i f fe ren t  mer i ts  in the ca lcu la t ion of  e ry th ro c y te  c lone 

numbe rs.  All samp les we re  rep l ica ted in exper im en t  3 and th us  som e technica l  

va r iance cou ld  be excluded.  H o w e v e r  this exper im en t  ran fo r  a l im i ted per iod 

of  t im e  w h ich  mean t  tha t  a m a x im u m  of fo u r  " ind e p en d en t"  sam ples  were 

avai lab le fo r  c lone n u m b e r  analysis.  In exper im en t  1 at least  11 " ind e pe n de n t"  

samples  were  used but  the a s s e s m e n t  o f  technica l  var iance was less r igorous.  

" In dependent "  samples were  separated by 56 days in all ca lcu la t ions  f r om  

ex p e r im en t  1 w hereas  in exp e r im e n t  3 m o s t  o f  the " i n depen den t"  sa mples  were  

on ly  42 days apart.  42 days wi l l  no t  be c o m p le te ly  " independen t" .  Im m ed ia te ly  

a f ter  a sample (n) there wi l l  be a lot  o f  e ry th ropo ie s is  to replace the lost  

e ry th rocy te s .  Ery t h rocyt es m ade  im m e d ia te ly  a f ter  sample n wil l ,  the re fo re ,  be 

th e re  at samp le n+1 and these  wi l l  proba bly  be p roduc ts  o f  som e of  the same 

c lones  analysed in sam ple n. Th is  wi l l  resul t  in an un de res t i m a t io n  of  var iance 

and an o v e re s t im a t io n  of  c lone number .  The mean c lone n u m b e r  fo r  the 

e r y th r o c y te  l ineage (us ing the resul ts  of  these t w o  ex per iments)  was ca lcula ted 

to  be 230 ( 121). Expe r imen t  2 was exc luded f ro m  the ca lcu la t ion of  the mean 

because only  6 " in de p e n d e n t "  sam ples  were  avai lable per  m ouse  and it was 

d i f f icu l t  to  assess the ex tent  to  w h ic h  the technica l  var iance had been 

excluded.

In exp e r im e n t  3 g ra n u lo c y te  c lone nu m bers  we re  ca lcu la ted to  be 288. This 

m ay  be a m ore  accurate  n u m b e r  than the 133 ca lcula ted in e x p e r im e n t  1 as 

te chn ica l  var iance was  excluded. S imi la r  ca lcu la t ions have been done using 

human  g ranu lo cy te s  f r o m  fe m a les  he te rozygous  fo r  the X - l in k e d  chr on ic  

g ra n u lo m a to u s  d isease (CGD) (Buescher , A i l ing & Gall in, 1985). T w o  ty pes  of  

g ra nu lo c y te s  are d is t ingu ished  by the i r  abi l i ty or  lack of abi l i ty  to  reduce 

n i t r ob lue  t e t raz o l iu m  dye. These au thors  found  l i t t le var ia t ion be tw e e n  serial 

samples and, exc lud ing techn ica l  var iance, calcu la ted the n u m b e r  o f  act ive 

c lones  to  be 432. This va lue appears  h igher  than ours. However ,  it is
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m ean in g le ss  to  c o m p a r e  the actual  c lone  nu m b e rs  ca lcu la ted f r o m  t w o  

separate  ex pe r im e n ta l  s y s te m s  w h e n  deal ing w i t h  such smal l  var iances. When 

va r iances are lo w  addi t io na l  change s  (which cou ld  be due to undetecta 'ble 

tech nica l  p ro b le m s )  resul t  in re la t ive ly  large cha nges  in c lone  numbers.

The c lone n u m b e r  ca lcu la ted fo r  B and T l y m p h o c y t e s  was  327 and 486 

respect ive ly .  The T l y m p h o c y t e  value is un l ike ly  to re f lect  a t rue  c lone n u m b e r  

because of  th e  lo n g e v i t y  o f  these  cel ls (Sprent  8< Basten, 1973). It is possib le 

tha t  cel ls der ived f r o m  the  same c lones are sampled  at each sample and so, in 

a sense, th i s  cel l  l ineage could  be regarded as an internal  con t r o l  fo r  

long i tu d ina l  va r iance  in the techniqu e.  It is unc lear  w h a t  the c lone  n u m b e r  for  

the B l y m p h o c y t e  l ineage rep resen ts  as they  are h e te r o g e n e o u s  w i th  res pe ct  to 

l i fespan (Ropke et al, 1975).

S u m m a r y .

Di f fe ren t  cel l  ty pes  w e re  ser ia l ly  sa mpled f r o m  the per iphera l  b lood  of  norm al  

mice w h ic h  w e re  h e te ro z y g o u s  at the Pgk-1 locus. The var iance in PGK-1 

p h e n o ty p e  b e tw e e n  serial  sam ples  was small ,  ind icat ing large c lones n um bers  

(200-500).  It is ev iden t  f r o m  this s tu dy tha t  to o  m a n y  c lones are act ive in 

ha e m a to p o ie s is  in any uni t  t im e  to c lear ly  iden t i f y  changes  in c lonal  act iv i ty  

using this t w o - m a r k e r  sys tem.  One so lu t ion to this p rob le m  w o u ld  be to 

increase the n u m b e r  of  markers  in the system.  A n o t h e r  app roach avai lable to  

s tu dy  clonal  act iv i ty  o f  the h a e m a to p o ie t i c  sy s tem  is to  reduce the s tem cell 

n u m bers  ar t i f ic ial ly.  This wi l l  be d i scussed in the f o l l o w in g  chapter .
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CHAPTER 5.

STUDIES ON THE CLONAL ORGANISATION OF THE HAEMATOPOIETIC SYSTEM IN 

RADIATION CHIMAERAS.

Int roduct ion

Irradiat ion of  m ice resul ts in aplasia of  the bone m ar ro w .  How ever ,  as early as 

1949, Ja cobs on  sh ow e d  th a t  sh ie ld ing the spleens of m ice dur ing the 

i r radiat ion proces s  enhanced th e i r  surv ival  rate. At  tha t  t im e  it was  unknown 

w h e t h e r  the p ro te c t io n  was  of  a ce l lu lar  or  a hum ora l  or ig in.  Lorenz and his 

col leagues (1951;1952) later  obta ine d survival  of  letha l ly  i r rad ia ted mice by 

in ject ion of  bone m a r r o w  e i ther  i n t r avenous ly  or  in t rap er i to ne al ly .  The 

p ro tect ion c on fe r red  by xe n og e ne ic  (guinea pig) bone m a r r o w  su g g e s te d  tha t  a 

hum oral  fa c to r  was  responsib le .  On the o th e r  hand, the s u p e r io r  p ro tec t i on  

observed w i th  syngene ic  bone m a r r o w  indicated a cel lu lar  or ig in .  Final ly, using 

cy to log ica l  markers,  it was sh o w n  tha t  the repopu lat ion of  h o s t  bone m a r r o w  

was in fact  due to the p ro l i f erat ion of  d o n o r  cel ls (Ford et al , 1956; Nowel l  

et al, 1956).

The matu re cel ls pr esent  in the bone m a r r o w  in o c u lu m  p r e s u m a b ly  act  as a 

te m p o ra ry  in fus ion before the s te m  cel ls pro l i ferate  and d i f fe rent ia te  to 

repopulate  the system.  The s te m  cel ls are a h e te ro g e n e o us  po p u la t i on  of  cel ls 

(see Chapter  4) ranging f r o m  th o s e  w i t h  a high capac i ty  fo r  s e l f - r e n e w a l  to 

those wi th  lo w  s e l f - r e n e w a l  ca paci ty  but  a high te n de n c y  to  d i f ferent ia te .  A lso 

present  are p r e c u rs o r  cel ls rest r i c ted to  par t icu lar  l ineages.  Using 

ra d ia t i o n - in d uc ed  c h r o m o s o m e  t r ans loca t io ns ,  A b ra m s o n  et al (1977) obta ined 

d i rect  evidence fo r  the ex is tence o f  p lur ipoten t ,  myelo id  l i n e a g e - r e s t r i c t e d  and 

T l y m ph o c y te  l in e a g e - re s t r ic te d  s te m  cells. No ev idence was  fo u n d  for  a 

lym phoid s tem cell w h ic h  had the capaci ty  to  give rise to  bo th  B and T 

lym ph o cy te s  a l t hough the autho rs  po in t  ou t  th a t  such nega t iv e resul ts  can no t  

be taken as conclus ive .  In ch i ldren w i th  severe c o m b in e d  d e f ic ie n c y  disease 

the myelo id  s ys te m  is no rm a l  but  there is an absence of  bo th  B and T 

lym ph o cy te s  (Cooper  et al, 1973). These ch i ldren can be cured by a graf t  of  

normal  bone m a r r o w  cel ls and so it has been p roposed  tha t  th e y  have a defect  

in the i r  ly m p ho id  s tem cells. It is possib le th a t  l y m p h o id  s te m  cel ls (or B
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res t r i c ted s tem cel ls) ex is t  in m uch  lo w e r  f r e q ue n c ies  than the o th e r  s te m  cel ls 

so th e y  are both m ore  rarely marked and m o re  eas i ly d i lu te d  out.  A l ternat ive ly ,  

they  may have a g rea te r  rad ia t ion sens i t iv i t y  than o th e r  s tem  cell  c lasses and 

thus  be se le ct ive ly  dep le te d by the dos es  of  i r rad ia t ion used to  induce 

c h r o m o s o m e  t rans locat ions .

It has b e c o m e  c lea r  th a t  hae m a to p o ie s is  in the m o us e  can be s up p o r te d  by a 

very  smal l  n u m b e r  o f  s tem cells. The f i rs t  ev idence f o r  this came f r o m  studies 

on long te rm  s u rv iv o rs  o f  a near  lethal dose of  ion iz ing rad ia t ion (Barnes et al, 

1959; M ick lem  & Lout it ,  1966). So m e of  these  animals  carr ied cel ls w i t h  unique 

ka ryotypes  in th e i r  bone m a r r o w  and in one ind iv idual  v i r tua l ly  all the d iv id ing 

h a e m ato p o ie t i c  cel ls be long ed  to a s ing le  c lone.  A t t e m p t s  w ere  subsequ en t l y  

made to  es t i m a te  c lone n u m b e rs  in i r radia ted mice  t rans fused  w i th  bone 

m a r r o w  cel ls (Wall is et al, 1975; M ick lem  & Ross, 1978). Us ing the T6 

c h r o m o s o m e - m a r k e r  sys tem,  it was poss ib le  to  set  up rad ia t ion ch im aeras  w i th  

t w o  d o n o r  cel l  popu la t ions  (eg. 1-T6 and 2 -T 6  markers) d is t i ngu is hab le  f ro m  

each o th e r  and f r o m  the host  (eg. 0-T6) . The b in om ia l  f o rm u la  (Wall is et al , 

1975) was then used to es t imate the n u m b e r  (n) o f  p ro l i f er at in g c lones present  

in a g iven t issue.  Both laborato r ies  fo u n d  that  n var ied w i t h  the n u m b e r  of 

cel ls injected.  For a single femur,  n was ca lcu la ted  to be 8 - 1 5  af ter  a cell  dose 

of  2 x 10s and 43 af ter  5 x 107. The T6 marke r  has the d is adva n tage  of  being 

l imi ted to  d i v id ing  cel ls and so the mature,  n o nd iv id ing  end cel ls  are not  

represented in the analysis.  However ,  co m pa rab le  resul ts  in the ca lcu la t ion of  

c lone n um bers  have been obta ined by Lennon (1985) using the PGK-1 system. 

She fo und  th a t  2 3 c lones were  re spons ib le  fo r  the re popu la t i on  of  a single 

f e m u r  a f ter  a cel l  dose of  105, 9 - 1 6  af ter  106 and 2 4 - 3 3  af ter  107.

In these exper im en ts  it was not  c lear w h a t  was  being measured.  Wal l is  et al 

(1975) assum ed  tha t  the es t im ated  n u m b e r  of  pro l i ferat ing c lones re f lected the 

n u m b e r  o f  s tem cel ls co n t r ib u t i n g  to bone m a r r o w  regenera t ion.  This w o u ld  be 

the  n u m b e r  w h ic h  ini t ial ly seeded the m a r r o w  minus  the n u m b e r  which 

suf fered early te rm ina l  d i f ferent ia t ion.  However ,  as stated by M ick le m  & Ross 

(1978) it may instead, or  in addi t ion, re f lec t  the n u m b e r  o f  c lones w h ic h  happen 

to be act ive at the t im e  w hen  the animal  is ki l led fo r  c y to lo g ica l  examinat ion.  

This p rob le m  cou ld  be resolved by lo ng i tu d ina l  analysis o f  such individuals.  A 

p re l im inary  rep o r t  has been publ ished on the resul ts  o f  serial  sa m p l in g  of
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e ry th ro c y te s  f r o m  rad iat ion  ch im aeras  es tab l i shed w i th  low (105) or  high (107) 

doses of  C B A / C a - P g k - 1 ab bone m a r r o w  cel ls (M ick lem et al, 1983). In the 

an imals  rep opula ted w i th  a lo w  dose of  bone  m a r r o w  the var iance between 

serial  samples was o b v io u s ly  g rea te r  than th a t  due to techn ica l  er ro r  and, 

there fore,  gre ater  than the var iance obs er ved  be tw e e n  serial sam p les  of  b lood 

cel ls  taken f r o m  norm a l  m ice  (Chap ter  4). This sugges te d  tha t  th e re  were  

changes in c lonal  ac t iv i t y  t h r o u g h o u t  the te s t  period.  However ,  M ick lem  et al 

(1983) were  unable  to rule o u t  the poss ib i l i t y  tha t  the c h ange s  observed 

be tw e en  serial e r y th r o c y te  samples  re f lected regenera t ion of  host  bone 

marrow .

In the expe r im en ts  repo r te d in th is  ch a p te r  the t w o  a l l o e n z y m e s  of  the 

a u to s o m a l ly  enco de d e n zym e  g lucose  phosph a te  isom eras e (Gpi — 1a and G p i -1b) 

w e re  used to d is t ingu ish hos t  and d o n o r  cel ls in radiat ion ch im ae ras  g iven high 

or  lo w  doses of  bone m ar row .  D i f ferent  cel l  ty pes  f r o m  the per iphera l  b lood 

we re  serial ly sampled and the va r iance in PGK-1 p he n o ty p e  be tw e en  ind iv iduals  

and be tween  serial  sam ples w i th in  ind iv iduals  was analysed.  It was  possible,  

the refore,  to d is t ingu ish  b e tw e en  the n u m b e r  o f  repopu lat ing c lone s and the 

n u m b e r  o f  c lones act ive at any po in t  in t ime.  In addi t ion,  the l o w - d o s e  

ch imaeras appeared to pr ov ide  a sy s tem  w he re  a smal l  n u m b e r  o f  s te m  cel ls 

w a s  invo lved in ha e m a to p o ie s is  in v i v o . This is poten t ia l l y  useful  fo r  analys ing 

clonal  ac t iv i ty  and fo r  iden t i f y in g  l ineage re la t ionsh ips be tw een  the d i f feren t  

ha e m a to p o ie t i c  cell l ineages. A t t e m p t s  to do this using no rm al  an imals  was 

unsucc es sfu l  (Chapter  4) due to  the apparen t ly  large nu m bers  of  s te m  cel ls 

involved.

Mater ials & M e t h o d s .

1. Radiat ion C h im aeras .

Recipient  mice were  exposed to  g a m m a  radiat ion f ro m  a 137 -C a e s iu m  source 

at a dose rate of 0.343 G y . /m in u te  (t3.4%). The w h o le  body  dose was  10.5 Gy. 

Mice were i rrad ia ted in a vent i la ted round plast ic co n ta in e r  f i t te d  w i t h  a 

perspex rest ra iner  2 .5cm f r o m  the f loor.
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Donor  bone m a r r o w  was f lushed f rom  fe m u rs  w i t h  cold  p h o s p h a te - b u f fe r e d  

sal ine (PBS) us ing a 25g needle. Cells were  w a s h ed  and a v iab i l i ty  cel l  co un t  

was p er fo rm ed  using AO/EB f luid (see Append ix  I). Cell suspens io ns w e re  then 

di lu ted to the appropr ia te  c o nc en t ra t i o n  fo r  in t r a ve n o u s  in jec t ion into i r radiated 

recipients.

In the l o w - d o s e  exper imen t ,  20 C B A / C a - G p i - I 3 fe m ales  were  in jected w i th  105 

viable C B A / C a - P g k - 1 ab bone m a r r o w  cel ls in 0.4ml PBS. The fe m u rs  f r o m  fo ur  

don ors  were pooled and an a l iquo t  o f  the cell su spens io n  was prepared for  

PGK-1 analysis.  10Oul o f  the d i luted cell suspe ns io n was ce n t r i f uge d  then  10u I 

sample buf fer  was  added to the pellet. The bone m a r r o w  in oc u lu m  was  found  

to be 62% PGK-1 A.

In the h i g h - d o s e  exper iment ,  15 C B A / C a - G p i - 1 a ' females we re  in jected w i th  a 

m ix ture of  C B A / C a - P g k - 1 a and C B A / C a - P g k - 1 b. The to ta l  cel l  dose was 107 

cel ls in 0.4ml and the p r o p o r t io n s  of the t w o  do n o rs  pr esent  w e re  2:3 

respect ive ly .

2. Preparat ion of  Sam p le s .

Erythrocytes,  B and T l y m p h o c y te s  and g ran u lo cy te s  w e re  isolated as descr ibed 

in Chapter  4. The PGK-1 phen o ty pe  of  all sa mp les  was analysed tw ic e  using 

the 14C staining system. GPI-1 analysis was p e r fo rm ed  on so m e  of  the 

samp les and rep l icates were  a lways run.

3. Enumerat ion  of  C lones.

A nested analysis of  var iance was p er fo rm ed  on the data f ro m  th is  chapter.  

This has been descr ibed in ful l  in Chapter  4. Brief ly, using data f r o m  the 

ANOVA table, the var iance be tw een  serial samples  (s2A) can be ca lcu la ted  f rom  

the  fo l l o w in g  formula:
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MS be tw e e n  sa m p le s  -  MS be tw een  rep l icates 

s2a = m

w h e re  MS = mean  square ( f rom  ANOVA table) 

m = n u m b e r  o f  rep l icates

The var iance (s2R) b e tw e e n  d i f fe ren t  m ice can be ca lcu la ted f r o m  the f o l l o w in g  

formula:

MS be tw e e n  m ice -  MS be tw e e n  samp les 

s2r = mb

w here  MS = mean square ( f rom ANOVA table) 

m = n u m b e r  of  rep l icates 

b = n u m b e r  of  sam ples  per  m ouse

Var iances ca lcu la ted in this w a y  can then be used in the b inomia l  equat ion:

PQ-P) 
n = s2 

w he re  n = c lone n u m b e r

p = mean p ro p o r t io n  PGK-1A 

1 -p  = mean p ro p o r t io n  PGK-1B

The n u m b e r  of  act ive c lones can be ca lcu la ted by using s2A in the above 

equat ion  and the n u m b e r  o f  re popu la t i ng  c lones by us ing s2R.



Results

A. L o w - d o s e  Chimaeras

Erythrocytes,  B and T l y m p h o c y t e s  and g ran u lo c y te s  were  serial ly  sam pled  f ro m  

6 radiat ion ch imaeras re popu la ted  w i t h  a low dose (105 cel ls) o f  bone mar row.  

The mice were  named LR1, LR2, LR3, LR4, LR5 and LR7. The f i rs t  sam ple was 

taken 13 weeks af ter  i r rad ia t ion and bone m a r r o w  repopulat ion.  Samples were 

su bsequen t l y  taken at 2 w e e k  interva ls  fo r  24 weeks  then again 1 m o n t h  later. 

Figures 5:1 (a) and 5:1 (b) s h o w  the % P G K -1A  pr esent  (mean of  the t w o  

repl icates) in serial sam ples of  the d i f ferent  cell l ineages.  The ful l  set  o f  data 

is g iven in Append ix  IV. G PI— 1 analysis was pe r fo rm e d  on all e ry th ro c y te  

samp les and in sor ted samples  tha t  are marked by an aster isk  -  no h os t  G PI— 1 

(i.e., GPI-1A) was de tec ted  in any of  the sam ples tested.

The resul ts  have been d iv ided Into 3 sect ions:  (1) PGK-1 p h e n o ty p e s  of  the 

d i f feren t  cell l ineages w e re  c o m pa re d  w i th in  individuals;  (2) the var iance of 

serial  samples  wi th in  ind iv iduals  was used to  est im a te  the n u m b e r  o f  c lones 

act ive at any one t ime;  (3) the var iance be tw e e n  d i f feren t  mice was used ‘ to 

es t im ate the nu m be r  of  repopu la t i ng  clones.

1. C e l l - l inea ge  C o m p a r i s o n s . From Figures 5:1 (a) and 5:1(b) it is appa ren t  tha t  

there are co ns is ten t  d i f ferences  in PGK-1 p heno ty pes  be tw een  the cel l  l ineages 

of  individual  mice.  Paired t te s ts  (Table 5:1) sh o w e d  th a t  the re  was a 

s ign i f ican t  d i f ference be tw een  B ly m p h o c y te s  and g ranu lo cy te s  in all 6 mice.  

Also, s ign i f i can t  d i f ferences  were  seen be tw een  e ry th ro c y te s  and B 

ly m phocy te s ,  be tween  e ry th ro c y te s  and T ly m p h o c y te s  and be tw een  

granu lo cy te s  and T l y m p h o c y te s  in all mice, excep t  LR1. However ,  w h e n  the 

analysis o f th is  m ous e (LR1) was rest r i c ted to  sam ples taken be tw e en  6 and 10 

m o n th s  af ter  repopulat ion,  the d i f ferences  be tw een  these  l ineages were  

signi f icant.  The reason fo r  this is ev ident  f r o m  the graph. The e ry th ro c y te s  

and g ranu lo cy tes  at sample 1 had a s ig n i f i ca n t ly  lo w e r  p ro p o r t io n  of  PGK-1A 

than the ly mphoc ytes ,  but  th is  gradual ly  increased ov er  the next  f e w  sam ples 

unt i l  6 m o n th s  af ter  repopu lat ion w hen  the phen o ty pes  w ere  reversed.  

Di f ferences betwe en  cell  typ es  are ther e fo re dam pe ne d w hen  all sa mples  are 

pooled.
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Figure 5:1 (a ) and (b )

7. PGK-1A present in serial samples of 4 cell types

isolated from the peripheral blood of S low-dose

radiation chimaeras.

Figure 5:1 (a): Mice L R 1 , LR2 and LR3

(b): Mice L R 4 , LRG and LR7

Colour code:---------  Erythrocytes

B lymphocytes

    T lymphocytes

- Granulocytes
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Table 5 : 1

Results of paired t tests between cell lineages of low-dose radiation 
chimaeras.

louse

CD1LU B-T T-G E-G E-T G-B

LR1 NS s** NS NS NS S*
LR2 s** s** s** NS s** s * *
LR3 s** s * * s** NS s** s**
LR4 s** s * * s** NS s** s**
LRG s* NS s * * s** s* s * *
LR7 s * * s * * s * * NS s** s * *

E = erythrocytes 
B = B lymphocytes 
T = T lymphocytes 
G = granulocytes
S = significant: S = P < 0 . 05

S* = P < 0 .01
s** = P < 0 . 001

NS = not significant (p > 0 ..05)



In all mice, ex cep t  LR6, the re  was  no s ig n i f ican t  d i f fe rence  be tw een  

e ry th ro cy te s  and g ranulocy tes .  At  samp le 5 of  LR6 the p r o p o r t i o n  of  total  

leukocytes  tha t  we re  in the g ra nu lo c y te  popu la t ion inc reased f ro m  

approx im ate ly  20% to  35% and remained high (32%) at sample 6. Such a high 

g ra nu lo cy to s is  ( ind icated by a black a r ro w  ( T )) is not  u n c o m m o n  in radiat ion 

ch imaeras.  A change  in the PGK-1 p h e n o ty p e  of  the g ranu lo cy te s ,  but  not  the 

e ry th ro cy te s  or  l y m p h o c y t e s  co inc ided w i th  this g r an u lo c y to s is .  This 

sugge sted tha t  th e re  were  chang es in clonal  act iv i ty  in the g r a n u lo c y te  l ineage 

dur ing  this per iod  w h ich  p robab ly  co inc ided w i th  ex cept ional  de m a n ds  for  

granulopoies is .  A high p r o p o r t io n  of  g ranu lo cy tes  (52%) was  also seen in 

mous e LR2 at the 5th sample.  However ,  no change in PGK-1 p h e n o ty p e  was 

observed s ince both the e r y th r o c y te s  and g ra nu lo c y te s  of  this m ouse  

expressed only  one PGK-1 a l loen zyme (PGK-1B). A s ingle PGK-1 p h e no ty p e  

was  also seen in the e ry th ro c y te s  and g ranu lo cy te s  of  LR3 and LR4 whereas  

both a l loenzymes w e re  expressed in the l y m p h o c y te  l ineages of  these  mice.

In general ,  e ry th ro c y te s  and g ra n u lo c y te s  had a s imi lar  PGK-1 ph eno ty pe .  This 

was d i f ferent  to the ly m p h o c y te s ,  a l th oug h  som e degree of  co r re la t i o n  was 

observed.  Changes in PGK-1 in e ry th ro c y te s  we re  paral le led by cha nges  in 

granulocytes.  Simi lar ly,  f o r  B and T ly m p h o c y te s ,  a change in PGK-1 in one of 

these l ineages was usual ly paral leled by a change in the other ,  a l thoug h  in 

m o s t  of  the mice these  t w o  cell  type s w e re  s ign i f ican t ly  d i f ferent.

2. Serial Samples C o m p a r i s o n . F igures 5:1 (a) and 5:1 (b) s h o w  th a t  th e re  were 

d i f ferences be tw een  serial samples w i t h in  individual  mice.  This w a s  apparent  

fo r  all cell typ es  tested.  In general ,  serial samples of  B and T l y m p h o c y te s  

var ied less than serial  samples  of  e ry th ro c y te s  and g ranu lo cy tes .  This can be 

assessed c rudely  by ca lcu la t ing the d i f ference  be tween  the h ig h es t  and lo w e s t  

values. For ly m p h ocy te s ,  th is  d i f ference  was never  g rea te r  than 37% (LR1;B 

lymphocytes) .  This d i f ference was of ten h igher  for  e ry th ro c y te s :  LR1-62%; 

LR3-42% and LR6-47%. Simi lar  large var ia t ions were seen b e tw e e n  serial 

samples of  granulocy tes.

These changes in PGK-1 phe n o ty p e s  be tw een  serial samples could  su p p o r t  the 

clonal  success ion hypothes is .  The var iance between sam ples  can be used to 

est imate  the n u m b e r  o f  c lones act ive in any uni t  t ime.  The va r iance  (s2A)
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be tw e e n  serial samples of  B and T l y m p h o c y te s  can be ca lcu la ted using the 

nested ANOVA analysis descr ibed in the mater ia l s  and m ethods.  This type  of 

analys is cannot ,  howe ver ,  be used fo r  the ca lcu la t io n of  c lones act ive in the 

e ry th ro c y te  and g ran u lo c y te  l ineages. Three of the mice  expressed only  one 

PGK-1 a l l oenzym e in these  l ineages fo r  m o s t  of  the per iod of  s tudy;  thus 

b inomia l  ca lcu la t io ns  w e re  not  feasible.  To es t i m a te  the n u m b e r  o f  act ive 

c lones in the e ry th ro c y te  and g ran u lo c y te  l ineages,  the % P G K-1 A  (mean of  t w o  

repl icates) fo r  each sample f r o m  the o th e r  3 mice  (express ing both PGK-1 

a l loenzymes)  was used to  ca lcula te the var iance be tw e e n  serial  samples.  

" Ind epen dent "  samples fo r  e ry th roc y te s  were  at least  42 days apar t  and three 

sets were analysed fo r  each of  the three mice.  Var iances and e s t i m a te d  c lone 

nu m be rs  are s h ow n  In Table 5:2. Clone num b e rs  fo r  B and T l y m p h o c y t e s  were  

es t im ated  in t w o  ways.  First, by using the var iance (s2) ca lcu la ted f r o m  the 

nested ANOVA and also by the same m e th o d  as the g ra n u lo c y te  calcula t ion.

The n u m b e r  o f  c lones es t im a te d  to  be act ive in the e ry th r o c y te  l ineage of  the 

d i f feren t  mice ranged f r om  3 to 21 w i th  a mean of  8.8. G ra n u lo c y te  c lone 

n u m bers  we re  es t im ated  to be w i th in  the same range (mean 9.9). Resul ts fo r  B 

and T ly m p h o c y te s  w e re  com parable,  they  ranged f r o m  13 to  46 w i th  a mean 

of  28. There was no obv io us  d i f fe rence be tw een  the o u t c o m e s  of  the the t w o  

ty pes  of  calculat ion.

3. In t e r - m o u s e  C o m p a r i s o n s . Figures 5:1 (a) and (b) ind icated th a t  there was a 

large a m o u n t  of  var ia t ion In PGK-1 pheno ty pe  between indiv idual  mice.  Nested 

analyses of  var iance were  pe r fo rm ed  on the d i f ferent  cell l ineages f r o m  these 

six mice.  This a l lowed  a ca lcu la t ion of  the var iance s2R be tw e en  m ice fo r  each 

l ineage, exc lud ing in t ra m ou se  and technica l  var iance. The n u m b e r  of  

repopu la t ing c lones  was es t im a te d  f ro m  s2R (Table 5:3). A smal l  n u m b e r  of  

c lones appeared to be responsib le  fo r  the repopu la t ion of  the m y e lo id  l ineages 

(app rox imate ly  2) and s l ight l y  h igher  numbers ,  4 and 10, fo r  the B and T 

ly m p h o c y te s  respect ive ly .

On c loser  examinat ion  of  Figures 5:1(a) and (b) it was appa re n t  th a t  the 

var iance be tw een  mice becam e grea te r  as the expe r im en t  progressed .  This 

was par t icu lar ly  t rue of  the ly m p h o c y te  l ineages. For example,  at  the f i rs t  

sample,  ly m p h o c y te  values ranged f r o m  4 0 - 8 0 %  w hereas  by the f inal  sample
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Table 5:2

Estimated numbers of active clones in different cell lineages of
low-dose radiation chimaeraras. The mean clone number, calculated
for each lineage, is given (tS.D).

Cell Type Mean Variance Clones Mean Clone
(p) (s ) (n) number

Erythro­
cytes

LR1

LRG

LR7

( l )

( l i )
( i n )

( l )

( l i )
( i n )

( l )

( i i )
( i i i )

49 . 8
47 . 7
48 . G 
68 . 6 
GG , 1
71.2
2 0 . 2  
1 G . 5 
19 . G

800
704
435
451
310
241
124
105
7G

3
3 
5
4
7
8

13.0
13.0 
21 . 0

8 . 8  ± 5. 8

B Lympho­
cytes .

ANOVA

LR 1
LR2
LR3
LR4
LRG
LR7

5 G . 9

43 . 2 
2 G . 7 
82.2 
83 . 8 
71.9 
33.3

92

90
57
69
29

159
85

26. 8

27 . 
34 . 
21  . 

4G . 
12  . 

26 .

28.0 ± 11.5

T lympho
cytes .

ANOVA

LR 1 
LR2 
LR3 
LR4 
LRG 
LR7

5 G . 7

49.7 
35 . 9 
G7 . 8
71.7 
74.3 
41 . 4

103

62
84

13G
50

100
94

23.8

40.3
27.4 
1 G . 0 
40 . G 
19.1 
25 . 8

28.2 ± 10.4

Granulo­
cytes .

LR 1 
LRG 
LR7

50.5 
5 G . G 
17 . G

244
303
127

1 0 . 2
8. 1

11.4
9 . 9 -  1 . 7



Table 5:3

Variances and estimates of repopulating clone numbers for low-dose 
radiation chimaeras (using ANOVA data).

Cell Type MS MS mb Variance Mean Clones
b/w mice b/w samples (s ) (p) (n)

R

Erythro­
cytes .

1 4 2 6 9  471 10 1 3 8 0 5 3 . 3  1 . 8

B lympho­
cytes.

1 1 0 5 3  1 9 3 18 6 0 3 5 6 . 9  4 . 1

T lympho­
cytes.

4 6 5 8  2 1 7 18 2 4 7 5 6 . 7  9 . 9

Granulo­
cytes .

2 6 0 9 8  2 5 8 18 1 4 3 6 5 3 . 6  1 . 7

MS = mean square 
m = number of replicates (2) 
b^ = number of samples per mouse 
s = variance between mice

see materials and methods (p.fel.) for details of calculations.



th is  range was 8 - 9 4 %  PGK-1A.

An addi t ional  5 mice (LR8-12),  set up at the sam'e t im e  as LR1-7, w e re  analysed 

at f o u r  se lected t im e s  dur ing the e x p e r im e n t  and all 12 mice  w e re  used in the 

e s t i m a t i o n  of c lone numbers .  The e s t im a t i o n s  f r o m  all 4 samples w h ic h  were  

taken at 3, 5, 7.5 and 10 m o n t h s  af ter  re popu la t io n  are s h ow n  in Table 5:4 and 

Figure 5:2. There was  v i r tua l ly  no d i f ference be tw e e n  the n u m b e r  of  c lones 

e s t im a te d  at d i f fe ren t  t im e s  in the  e ry th ro c y te  and in the g ran u lo c y te  l ineages. 

However ,  the var iance in the l y m p h o c y t e  samples  was grea te r  at later  samples,  

resu l t ing  in a lo w e r  es t im a te  of  c lone number .  Possible reasons fo r  this 

d i f fe rence  are sugges te d  in the d iscuss ion.

8. H ig h - d o s e  C h im aeras .

Erythrocytes,  B and T l y m p h o c y t e s  and g ra n u lo cy te s  were sampled  f r o m  6 

radia t ion ch im aeras  re popu la te d  w i t h  a high dose (107 cel ls) of  bone m ar row .  

(These mice w ere  named HR1-HR6.) This was repeated every  2 weeks  fo r  a 

to ta l  per iod of  24 weeks. The PGK-1 pheno ty p e  of  each sample was analysed 

t w ic e  using the 14C sta in ing system.  The resul ts are s h o w n  in Figure 5:3 (a) 

and (b); the ful l  data in A p p en d ix  V. A descr ip t ion  of  the resul ts  is d iv ided  into 

th ree se ct ions  as in the l o w - d o s e  chimaeras.

1. C e l l - l in ea ge  C o m p a r i s o n s . Di f ferences be tw een  the cell l ineages w i th in  

ind iv idual  mice were  not  as d ram at ic  as in the l o w - d o s e  rad ia t ion ch imaeras.  

H owever ,  in mice HR2 and HR3, there was a smal l  but  c o n s is te n t  d i f fe rence  

b e tw e en  the PGK-1 p h e n o ty p e s  of  the mye lo id  and lym p ho id  l ineages.  This 

w as  also t rue fo r  sam ples  taken f r o m  m o us e  HR1 be tw een  5-7.5  m o n t h s  af ter  

r epopul at ion and samp les taken f r o m  HR4 be tw een  5.5 and 8.5 mon th s .  Paired 

t  te s ts  we re  pe r fo rm e d  on the data and the resul ts  are sh o w n  in Table 5:5. 

General ly,  there  was no s ig n i f ic an t  d i f ference between the PGK-1 ph e n o ty pe s  

of  e ry th ro c y te s  and g ra n u lo c y te s  or  be tw een  B and T lym phocy tes .  S ign i f ican t  

d i f fe renc es we re  seen be tw e e n  e ry th ro cy te s  and B l ym p h ocy te s ,  be tw een  

e ry th ro c y te s  and T l y m p h o c y t e s  and be tw e e n  T l y m p h o c y te s  and g ra nu lo c y te s  

in the m a jo r i t y  of  mice.  In m o u s e  HR5 there was no s ign i f i can t  d i f fe rence 

b e tw e en  any pairs of  cel l  types.
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Table 5:4

Estimated numbers of repopulating clones in 12 low-dose 
radiation chimaeras .

Cell Type Time after Mean Variance Clones *
repopulation (p) (s ) (n)

Erythrocytes 3 58 . 7 901 2.7
5 56 . 5 1292 1 . 9

7 . 5 56 . 4 1231 2 . 0
10 55 . 5 1268 1 . 9

B lymphocytes 3 63 . 3 304 7 . 6
5 60 . 2 344 7 . 0

7.5 61 . 3 543 6 . 6
10 60. 1 742 3 . 2

T lymphocytes 3 60.8 194 12.3
5 63 . 6 235 9 . 8

7.5 62 . 2 241 9 . 8
10 61 . 8 447 5.3

Granulocytes 3 56.3 1070 2 . 3
5 55 . 1 1383 1 . 8

7 . 5 55 . 9 1319 1 . 9
10 53 . 7 1423 1 . 7

* Means for each cell type are plotted in Fig. 5.2



Figure 5 : 2

Estimated number of clones involved in the 

repopulation of 4 cell types isolated from 12 

low-dose radiation chimaeras at 3, 5, 7.5 and 

10 months after irradiation and bone marrow 

transplantation.

Colour code: -----  Erythrocytes

0 lymphocytes

   T lymphocytes

------  Granulocytes
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2. Serial Samples C o m p a r i s o n s . The var iance (s2A) b e tw e en  serial  sam ples was 

ca lcu la ted  f o r  the d i f fe ren t  cel l  l ineages f r o m  the ANOVA data (Table 5:6). The 

technica l  var iance in th is  par t ic u lar  e xp e r im e n t  was larger  than in others .  This
f *'• ’''

can be assessed by c o m p a r in g  the MSrep| in tab le  5:6 w i t h  tha t  in tab le  4:6. of  

the pre v ious  chapter .  The m a jo r i t y  of  the sam ples  in this h ig h - d o s e  

exp e r im e n t  w e re  be tw e e n  30 and 40% PGK-1A and sam ples  of  this pheno type  

are par t i cu lar l y  d i f f icu l t  to  in tegr ate  accurate ly.  L inear i ty / repe atab i l i ty  

ex per im en ts  p e r fo rm e d  by J.D. Ansel l  and H. Tay lo r  (unpubl ished) in  this
A

lab ora to ry  also ind icate  tha t  the s y s te m  is less " repea tabl e"  w i th in  this range 

c o m pa re d  to  h igher  PGK- 1 values.  This, however ,  was not  apprec ia ted  when 

the exp e r im e n t  was set up.

The var iance be tw een  samples,  exc lud in g this high techn ica l  var iance was 

ca lcu la ted and used in the e s t im a t io n  of  the n u m b e r  of  act ive c lones  (Table 

5:6).

3. I n t e r - m o u s e  C o m p a r i s o n s . The n u m b e r  of  re popu la t ing  c lones was 

es t im a ted  f r o m  the var iance (s2R) be tw e e n  mice,  exc lud ing in t r a m o u s e  and 

techn ica l  var iance (Table 5:7). S o m e w h a t  m ore  c lones appeared to be invo lved 

in the re popu la t ion  (400-700 )  than were  act ive at any po in t  in t im e  (200-500).



Figure 5:3 (a ) and (b )

I! PGK-1A present in serial samples of 4 cell types

isolated from the peripheral blood of G high-dose

radiation chimaeras.

Figures 5:1 (a): Mice HR 1, HR2 and HR3

(b) : Mice HR4, HR5 and HRG

Colour code: ______ Erythrocytes

B lymphocytes

------ T lymphocytes

------ Granulocytes
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Table 5:5

Results of paired t tests between cell lineages of high-dose 
radiation chimaeras.

Mouse E-B B-T T-G E-G E-T G-B

HR 1 S * * NS S* S s** S
HR2 s** NS S* NS S* S*
HR3 s** NS s** NS s** s**
HR4 s* S * * s* NS s** NS
HR5 NS NS NS NS NS NS
HRG s NS NS NS s** NS

E = erythrocytes 
B = B lymphocytes 
T = T lymphocytes 
G = granulocyte
S = significant S = p <0.05 

S* = p < 0.01 
S** = p < 0.001 

NS = not significant



Table 5:6

Estimated number of active clones in high-dose radiation chimaeras.

Cell Type MS MS Variance Mean Clones
b/w samples b/w r e p l . (s ) (p) (n)

A

Erythrocytes 29 . 7 9 . 8 9 . 9 32 . 6 221
B Lymphocytes 38 . 2 16.6 10.8 38.1 218
T Lymphocytes 26 . 2 11.0 7 . 6 39.3 314
Granulocytes 31.3 21.7 4 . 8 35 . 2 476

repl. - replicates
s = variance between serial samples

A

Table 5:7

Estimated numbers of repopulating clones in high-dose 
radiation chimaeras.

Cell Type MS MS mb Variance Mean Clones
b/w mice b/w samples (s ) (p) (n)

• H

Erythrocytes G 2 .3 29.7 10 3.26 32.6 674
8 lymphocytes 93.8 38.2 18 3.09 38.1 763
T lymphocytes 130.4 26.2 18 5.79 39.3 412
Granulocytes 86.2 31.3 18 3.05 35.2 748

m = number of replicates
b = number of samples per mouse
s = variance between mice

R

See materials and methods p._ for details of caculations.
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D-iscussion

Several  w o rk e rs  have a t te m p te d  to  es t im a te  the n u m b e r  o f  c lones resp onsib le  

fo r  the re popu la t ion  of  va r ious  h a e m a to p o ie t ic  si tes in radiat ion ch im aeras  

(Wall is et  al , 1975; M ick lem & Ross, 1978; Lennon, 1985). The n u m b e r  of  c lones 

was appa ren t ly  related to  the size of  the bone m a r r o w  inoculum.  Using the T6 

m arker  system,  Wal l is et al (1975) and Mick lem & Ross, (1978) ca lcu la ted tha t  a 

s ingle fe m u r  was rep opul ated  by a p p rox im a te ly  7 -1 5  c lones af ter  a cell  dose of  

2.5 x 106 and 3 5 - 5 4  af ter  4 - 5  x 107. Com parable  resul ts  we re  obta ine d in a 

m ore  extens ive s t udy  using the PGK-1 sys tem  (Le nnon ,1985); 2 - 3  c lones were  

e s t im a te d  to  repo pu la te  a fe m u r  a f ter  105 cel ls; 9 - 1 6  af ter  106 cel ls and 2 4 - 3 3  

af ter  107 cells.

All these  s tud ies sh o w ed  tha t  the n u m b e r  of  repop ulat ing c lones  did not  

increase p ro po r t i o n a l l y  w i t h  cell  dose.  A high dose of  bone m a r r o w  appeared 

to resul t  in p ro p o r t io n a l ly  f e w e r  clones.  An explanat ion fo r  th is  has been 

prov ided  by Lennon (1985). She fo u n d  tha t  in an imals  repopu la ted  w i t h  a lo w  

dose (105) of  bone m ar row ,  there was a high cor re la t ion betwee n the PGK-1 

ph e n o ty p e s  of  femurs ,  humer i ,  t h y m u s  lobes and spleen. This s u g ge s te d  tha t  

all h a e m a to p o ie t i c  si tes w ere  repopul ated  by c lo n a l l y - e x p a n d e d  p ro g e n i to rs  

der ived f r o m  a c o m m o n  source.  In cont rast ,  there was  v i r tua l ly  no co r re la t ion  

b e tw e e n  d i f feren t  h a em a to p o ie t i c  si tes f ro m  animals re popul ated w i th  a high 

dose (107) of  bone m arr ow ,  su g g e s t in g  tha t  each si te was  repopul ated  

independent ly .

Thus,  in the l o w - d o s e  animals,  the n u m b e r  o f  c lones calcu la ted to repopu la te  a 

s ingle fe m u r  represented the n u m b e r  repo pu la t ing  the w ho le  h a e m a to p o ie t i c  

system.  However ,  th is  was no t  the case fo r  an imals receiv ing a high dose of  

bone mar ro w.  A s s u m in g  th a t  a s ingle f e m u r  represents  5% of  to ta l  bone 

m ar ro w ,  and tha t  there  was no m ig ra t i on  be tw een  bones, the n u m b e r  o f  c lones 

respons ib le  fo r  rep opu la t ing the w h o le  sys tem  was est imated to  be 480- 560 .  

When the d i f fe rences in clonal d ispersa l  be tw een mice tha t  received d i f f e ren t  

cel l  doses  we re  taken in account ,  the es t imated  n u m b e r  o f  repopu la t i ng  c lones 

was re la ted to  cell dose in a reasonab ly  l inear fashion.  The c lone  n u m b e r  

ext rapo la ted back to  a pprox im ate ly  one repopu lat ing c lone fo r  every  4 x 104 

cel ls injected.  This is very  c lose to  the min imal  cell dose repor te d  to  be
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capable  of  sav ing letha l ly  i r rad ia ted mice (van Bekkum & Vos, 1957; M ick lem  & 

Lout i t ,  1966) and cu r ing  W / W v m ice of  the i r  m a c r o c y t i c  anaemia (Boggs et al, 

1982).

S om e of the var iance ca lcu la ted in the above exper im en ts  w o u ld  perhaps be 

due to t e m po ra l  cha nge s  in c lonal  act ivi ty.  A bone m ig h t  be rep opul ated  by a 

re la t ive ly  large n u m b e r  of  c lones, but  if on ly  one or  t w o  w e re  act ive at any one 

t im e  then this w o u ld  c o n t r i b u t e  grea t l y  to the obser ved  var iance. In the s tudy  

rep or ted here the PGK-1 ph e n o ty p e s  of  serial samp les of  per iphera l  b lood  cel ls 

f r o m  h i g h -  and l o w - d o s e  rad ia t ion ch imaeras  were  analysed. An appropr ia te  

analys is of  var iance te s t  on the data made  it poss ib le  to assess h o w  muc h of  

the  var iance seen b e tw ee n  mice was actual ly  due to cha nges in c lonal  ac t iv i ty  

w i th in  individuals.

The serial analysis of  per iphera l  b lood  was not, how ev er ,  able to ind icate  h o w  

m uch  var iance b e tw e e n  ind iv idual  ha e m a to p o ie t ic  si tes was due to  cha nge s  in 

c lonal  ac t iv i ty  w i t h in  th ese  sites. Est imat ions  of  repopul at ing and act ive c lone 

n u m bers  der ived f ro m  serial  per iphera l  b lood  sam ples  rep rese n t  chang es in the 

to ta l  m a r r o w  pool. Any  smal l  changes in clonal  act iv i ty  wi th in ,  say one femur,  

cou ld  be d am pened  by an o p p o s in g  change in ano the r  bone. Serial sampl ing  

of  indiv idual  bone m a r r o w  si tes w o u ld  be necessary  to solve this pro blem ,  and 

th is  is probab ly  not  pract icable.  Even if serial sam pl ing of  an ind iv idual  bone 

w e re  achieved,  there remains  the poss ib i l i ty  of  clonal  i n h o m o g e n e i t y  of  m a r r o w  

even w i th in  the bone.

The n u m b e r  of  re popu la t ing  c lones  in the mice  receiv ing a high dose (107) of  

bone m a r r o w  was e s t i m a te d  to be be tw een  400 and 700 fo r  the d i f fe re n t  cell 

l ineages.  These resu l ts  the re fo re  co r re s p o nd  wel l  w i th  Lennon's (1985) 

es t im a te  of  48 0 -5 6 0  obta ine d by a d i f fe rent  method.  The n u m b e r  of  ' 'act ive' '  

c lones  was est imated ,  f r o m  the b e tw e e n - s a m p l e  var iances, to  be be tw e e n  200 

and 500. This sugges te d  th a t  there were  less c lones act ive at any one t ime 

than the n u m b e r  tha t  or ig ina l ly  repop ulated  the system.  However ,  as d iscussed 

in the prev ious  chapter ,  w h en  var iances are low,  smal l  changes resul t  in 

re lat ively  large changes in c lone number ;  t hus  the inaccuracy  of  the est imates  

probabl y  increases w i th  the c lone number .  For this reason it ca n n o t  be 

con f id e n t l y  asser ted th a t  the n u m b e r  o f  repo pu la t ing  c lones exceeds th a t  o f
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act ive clones.  For the same reason it was no t  poss ib le  to c o m p a r e  accurate ly  

the c lone n u m be rs  in the d i f fe ren t  cell l ineages. In th is  respec t  these animals  

are s imi lar  to the no rm a l  an ima ls  descr ibed in C hap te r  4. In tha t  chapter ,  serial 

analyses of  no rm a l  mice,  h e te ro z y g o u s  at the Pgk-1 allele, w e re  described. 

Smal l  changes in the PGK-1 p h e n o ty p e  b e tw e e n  serial  sam ples  w e re  apparent,  

but  it was unc lear  w h e t h e r  th i s  re f lected cha nges  in c lonal  act iv i ty ;  these 

ch anges  could,  as p re v io u s ly  d iscussed,  have been due to  te chn ica l  var iance. 

In som e of  the h i g h - d o s e  ch im aeras  the PGK-1 p h en o ty pe s  of  B and T 

ly m p h o c y te s  w e re  s im i la r  to  each other , but  s ig n i f i can t ly  d i f fe re n t  f rom

e ry th roc y te s  and g ranu lo cy te s .  This was no t  seen, howev er ,  in the analys is  of 

no rm a l  an imals in Cha p te r  4. It is in te rest ing ,  in th i s  respec t  to c o m pa re

Figures 4:1 (a) and (b) to  F igures 5:1 (a) and (b).

In the l o w - d o s e  ch im aeras  there was a re la t ive ly  large a m o u n t  of  var iance in* 

PGK-1 pheno ty pe  be tw ee n  animals,  be tw e e n  serial  samples w i t h in  an individual  

and be tween  cell l ineages in all animal  studied.

The s tem cel ls respons ib le  fo r  the re popu la t io n  of  the h ae m a to p o ie t i c  sys tem

are he te ro ge neous ;  th o se  w i th  a longer  m i t o t i c  h i s to ry  hav ing an increased

chance  of  pro l i ferat ion and d i f fe ren t ia t ion  but  a redu ced  chance of  sel f  renewal
Sc

(Reinke et al, 1975; M ic k lem  et al, 1971; Rosendaal  et al, 1976; Hei lman et al ,

1978). Presumably ,  th o s e  w i t h  the h igh es t  s e l f - r e n e w a l  capaci ty  wi l l  u l t im a te ly

have the g rea test  potent ia l  f o r  repopulat ion.  However ,  these  cel ls wi l l  be 

p res en t  in re la t ive ly  smal l  nu m b e rs  and there is ev idence to  s u g g e s t  tha t  the 

m o s t  pr im i t i ve  cel ls are m ore  re lu c ta n t  to d iv ide (Schof ield,  1978). It is 

poss ib le  that  a re la t ive ly  large pool  of  "o lde r"  s te m  cel ls are respons ib le  fo r  the 

ini t ial  pro l i ferat ion.  The resu l tant  c lones wi l l  b e c o m e  exhausted in due course,  

perhaps more  quick ly  than und er  s te a d y -s ta te  cond i t i ons .  Ne w s te m  cel ls w i th  

a s h or te r  m i to t i c  h is to ry  and p resen t  in smal le r  n u m b e rs  w o u ld  then  take over. 

Eventual ly,  the m o s t  "p r im i t iv e "  s tem  cel ls w o u ld  b e c om e  d o m i n a n t  and 

pro l i ferate  to p roduce p ro g e n y  capable  of  l o n g - t e r m  repopu lat ion and dispersal .  

Such a sche me of  re popu la t i on  co r respond s,  essent ial ly,  t o  the clonal  

suc ce ss ion hy po thes is  advanced by Kay (1965) to  descr ibe s t e a d y - s t a t e  

ha em ato p o ie s is  and could  explain va r ious  aspects  o f  ou r  data.

The var iance in PGK-1 p h e n o ty p e s  be tw een  mice  was used to  e s t im a te  the
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n u m b e r  of  c lones repo p u la t i ng  the d i f fe ren t  cell l ineages in the l o w - d o s e  

ch imaeras.  Cells o f  the m y e lo id  l ineages (e ry th roc y te s  and g ran u lo cy te s )  were  

the p ro du c ts  o f very  smal l  n u m b e rs  of  c lones (2-3).  In so m e  of  the an imals 

these cell types  w ere  exc lus ive ly  of  one ph eno type ,  a l t h o u g h  this does not  

mean tha t  they  w e re  necessar i ly  mon oc lo n a l .  Thus, these  l ineages were  

p resum ab ly  re popu la te d  by the p ro g en y  of  the f e w  m o s t  p r im i t i v e  (and 

th e re fo re  m os t  h igh ly  s e l f - r e n e w in g )  s tem cel ls d iscussed  above;  the c lones 

der ived f ro m  "o lder"  s te m cel ls having,  m eanwhi le ,  b e c o m e  exhausted.  We 

es t im a te d  the n u m b e r  of  such p r im i t i ve  cel ls to  be 2-3,  w h ic h  is s im i la r  to tha t  

ca lcu lated by Lennon (1985) f o r  the re popu la t ion  of  th e ent i re bone mar row.  

Such a smal l  n u m b e r  o f re popu la t i ng  c lones is c o m p a t ib le  w i th  the ob serva t i o n  

of  m o n o t y p ic  (PGK-1A or  PGK-1B)  g ranu lo cy te s  and e r y th r o c y te s  in mice LR2, 

LR3 and LR4. The bone m a r r o w  in ocu lu m  was fo un d  to  be 62% PGK-1A.  Thus, 

the probab i l i ty  o f  2 c lones being the same PGK-1 ph e n o ty p e  is 0.622 + 0.382 = 

0.53; fo r  3 clones,  0.623 + 0.383 = 0.29, etc. M o n o t y p y  in th ree o u t  o f  six mice, 

the refore ,  is not  c o m p a t ib le  w i t h  large c lone numbers.

The n u m b e r  of  c lones invo lved  in the repopu la t ion  of  th e  B and T ly m p h o c y t e  

popula t ions  of  the l o w - d o s e  rad ia t ion ch imae ras  was e s t im a te d  to  be 4 and 10 

respect ive ly ;  s l ig h t l y  h ig her  than tha t  es t im ated  fo r  the re p opu la t i on  of  the 

myelo id  cells. However ,  ac cu ra te  b inomia l  es t i m a te s  are on ly  ob ta ined w hen  

hundred s of sa mp les  are used (Stone, 1984); clearly,  ou r  scale o f  opera t io ns  

leaves muc h ro o m  fo r  error.  On the o the r  hand, it is reassur ing th a t  the 

re la t ionsh ips of  c lone n u m be rs  to  cell dose, o f c lone  n u m b e rs  in b lood  (this 

thes is)  to c lone n u m bers  in m a r r o w  (Lennon,  1985) and of  c lo n o g e n ic  cel l  

f r e qu e n c y  to  the m i n i m u m  re popu la t ing  dose fo r  letha l ly  i r radia ted m ice  (van 

Bekkum & Vos, 1957; M ick lem  & Louti t ,  1966) or  W / W v mice  (Boggs et al, 1982) 

seem consis tent .  If th is  smal l  d i f f erence in re popu la t ing  c lone  n u m bers  

between myelo id  and ly m p h o id  l ineages is a t rue b io log ica l  d i f ference,  it could  

be explained by the fact  tha t  the l y m p h o c y te s  have a re la t ive ly  long l i fespan. T 

ly m p h o c y te s  have been s h o w n  to  have a l i fespan of  4 - 6  m o n t h s  (Sprent  & 

Basten, 1973; Ropke et al, 1975); th is  means  th a t  p ro g e n y  of  the ini t ial  

rep opul at ing c lones  wi l l  be present  f o r  a cons iderable  length of  t ime.  As 

d iscussed above, the ini t ial  repopu lat ion is l ikely to  be by a re la t ive ly  large pool  

of  "older"  s tem cells. It is in te res t in g tha t  the n u m b e r  o f  c lon es  es t im ated  

f r o m  the ear l ies t samples was  h igher  than th a t  ca lcu la ted  f r o m  later  sam ples
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(Table 5:4; Figure 5:2). This could  s u gg e s t  th a t  th e  c lones p roduc in g  

l y m p h o c y te s  dur ing the ini t ial  rep o pu la t io n  b e c o m e  ex hausted  and a smal ler  

pool  o f  m ore pr im i t iv e  s tem cell  take over.  However ; m a n y  m ore  samples  

w o u ld  be requi red to  estab l ish the real i ty  o f  these  smal l  ch ange s in c lone 

n u m b e r  w i t h  conf idence .

In the m a jo r i t y  of  l o w - d o s e  ch im aeras  there was  no s ig n i f ican t  d i f ference 

be tw een  the PGK-1 phe n o ty p e s  of  e ry th ro c y te s  and g ra n u lo c y te s  which  

s uggeste d tha t  these l ineages w e re  the p ro g e n y  of  a c o m m o n  s te m  cell or 

precursor .  There was one ex cep t io n  to  this. In m o u s e  LR6, a high 

g ra nu lo c y to s is  was f o l l o w e d  by a change  in the PGK-1 rat io of  the g ranu lo cy te  

but  no t  the e ry th ro c y te  popu lat ion.  It is poss ib le  th a t  this ex ce pt ional  deman d 

fo r  g ra nu lo cy te s  was m e t  by the p ro l i f er at io n of  a m ore  p r im i t iv e  pool  o f  s tem 

cells.

There was a pe rs is tent  and c o n s is te n t  d i f ference be tw e e n  B and T ly m p h o c y te s  

in the m a jo r i ty  of  the l o w - d o s e  ch im aeras  stud ied.  This is unl ikely  to  be due 

to  techn ica l  d i f ferences such as var ia t ions  in the w a y  the B-  and T —cell lysates 

run on the e le c t ro p h o re t ic  system.  Such as exp lanat ion w o u ld  be expected to 

resul t  in one of  the cell types  hav ing a c o n s is te n t l y  h ig her  (or lower)  %PGK-1A  

and this is c lear ly not  so: in so m e  mice the B l y m p h o c y t e s  sho w e d  a h igher  

% P G K -1 A  w h i le  in o thers  the reverse was true. It is co nce iv ab le  tha t  the 

presence  of  a fe w  per cen t  of hos t  cel ls ( too f e w  to  be de te c ted  by the GPI 

analysis) was responsib le  fo r  the ob serv ed  d i f ferences.  A l te rnat i ve ly ,  it is 

poss ib le  th a t  the B and T cell pools  are the p ro g e n y  of  d i f fe ren t  s tem  cel ls or 

progen i tors .

The var iance be tw een  serial sam ples  of  e ry th ro c y te s  or  g ra nu lo cy te s  f r o m  low-  

dose ch im aeras  presum ab ly  re f lects  t e m po ra l  cha nges  in c lonal  act ivi ty ,  

pro v id ing  s u p p o r t  fo r  the clonal  su ccess ion  hypo th e s is  (Kay, 1965). The mean 

n u m b e r  of  c lones act ive at any one t im e  was es t im a te d  to  be be tw e e n  3 and 

21 w i th  a mean  of  9. This  var iance was h ig her  than fo r  T or  B cel ls, as w o u ld  

be expected on the basis o f  the re la t ive ly  long l i fespan of  ly m p h o cy te s .

There are t w o  typ es  of  f l u c tu a t i o ns  in the PGK-1 ph en o typ e s  of  the l y m p h o c y te  

popu la t io ns  -  l o n g - t e r m  t rends  o v e r  the  w h o le  sa mpl ing per iod and s h o r t - t e r m

80



f l u c tu a t i o n s  be tw e e n  ad jacen t  samples.  As d i scussed  above, the l o n g - t e r m  

changes can poss ib l y  be explained by the exhaust ion  of  "o lde r"  s te m  cell  pools  

and the s u b s e qu e n t  t a k e - o v e r  by m ore p r im i t iv e  s tem cells. The PGK-1 

ph e no ty p es  of  both  B -  and T -  l y m p h o c y t e  po pu la t i ons  approach tha t  of  the 

m ye lo id  l ineages o ver  the per iod of  s tud y in several  m ice (LR2, LR3 and LR4) 

and do so at a s im i la r  rate. If th is  is indeed due to rep la c e m en t  f ro m  a 

c o m m o n - s t e m - c e l l  pool ,  the resul ts  s ug g e s t  that  B and T ly m p h o c y te s  in the 

per iphera l  b lood  have s im i lar  l i fe -spans .  The s h o r t - t e r m ,  i n t e r - s a m p le  var iat ion 

in the ly m p h o c y te  popula t ions ,  apparen t  main ly  in the l o w - d o s e  ch imaeras,  is 

d i f f icu l t  to  explain. Som e of  the f lu c tu a t io n s  are smal l  eno ug h to  be explained 

by technica l  var iance of  the e le c t ro p h o re t i c  techn ique,  but  som e are s l ight ly  

larger  than this. It is poss ib le  tha t  larger  var ia t ions are due to d i f ference s  in 

the c e l l - s o r t i n g  pur i ty  f r o m  day to  day. On the o th e r  hand, s h o r t - t e r m  

f lu c tu a t i o n s  in PGK-1 p he n o ty p e  m ay  re f lect  the inputs  of  a smal l  n u m b e r  of  

re la t ive ly  s h o r t - l i v e d  cells, f r o m  c u r re n t l y  act ive c lones, into the main pool  of  

l o n g - l i v e d  per iphera l  b lood  ly m ph o c y te s .  B ly m p h o c y te s  have been s h ow n  to 

be he te ro g e n e o us  w i t h  res pect  to l i fespan (Ropke et al, 1975), rang ing  f rom  

only  a fe w  days (de Freitas & Cout inho,  1981; St rober ,  1972) to several  weeks 

(Sprent  & Basten, 1973; Kumararatne & MacLennan,  1981). They are produced  

in the bone m a r r o w  in very  large nu m b ers  (Opste l ten & Osmond,  1983) but  it 

has been sugge ste d tha t  on ly  a smal l  p ro p o r t io n  of  these enters  the mature B 

l y m p h o c y te  pool  (Kumararatne et al, 1985). This is s imi lar  to  tha t  repor ted  fo r  

T l y m p h oc y te s ;  n e w l y - f o r m e d  ly m p h o c y te s  th a t  m ig ra te  f ro m  the t h y m u s  have 

been repor ted to  a c coun t  fo r  on ly  1% of  the to ta l  t h y m o c y t e  pool  per  day 

com pa red  w i th  th e  dai ly t h y m o c y t e  tu r n o v e r  o f  abou t  30% per  day (Scol lay 

et al, 1983).

S u m m a r y . In the h i g h - d o s e  radia t ion ch imaeras the n u m b e r  of  repopu la t in g 

c lones  was es t im a te d  to  be be tw e e n  400 and 700. The n u m b e r  o f  act ive 

c lones  was es t imated  to  be be tw e e n  200 and 500 w h ic h  was co m p ara b le  to 

th a t  es t im ated  fo r  norm al  mice.  There was  a s ign i f ican t  d i f fe rence be tw e en  the 

PGK-1 p h eno ty pes  of  ly m p h o id  and myelo id  l ineages in some of  the h i g h - d o s e  

radiat ion chimaeras.  This had not  been observed in norm al  animals.  In the 

l o w - d o s e  radiat ion ch imaeras,  all cel l  l ineages were  repopulated by a smal l  

n u m b e r  of  s te m  cells; 2 fo r  the mye lo id  cel ls 4 fo r  B ly m p h o c y te s  and 10 fo r  T 

lyphocytes.  In the m a jo r i t y  o f  m ice  there was no s ign i f i can t  d i f ference be tw een
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e ry th ro c y te s  and gran u lo cy te s ,  ind icat ing th a t  these  cel l  types  w ere  der ived 

f ro m  a c o m m o n  stem  cell pool. In cont rast ,  the PGK-1 ph en o ty p e s  of  B and T 

ly m p h o c y te s  were  s ig n i f ic an t l y  d i f fe rent  f r o m  one a n o th e r  and f r o m  the 

m yelo id  cel ls w h ic h  could  s u g g e s t  tha t  they  were  the p ro g e n y  of d i f fe rent  s tem 

cel ls or  p rogeni to rs .  T em pora l  changes in the PGK-1 phe no ty p es  of  all 

l ineages w ere  ev ident  in the l o w - d o s e  radiat ion ch imaeras.  These resul ts 

sup p o r t  a s ys te m  of  c lonal  succ ess io n  in the ha e m a to p o ie t i c  system.  (Kay, 

1965).
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CHAPTER 6.

THE DEVELOPMENT OF B LYMPHOCYTES CARRYING THE XID M UTATION. 

In t roduc t io n

Mur ine B l y m p h o c y tes ,  l ike o th e r  h ae m a to p o ie t i c  cel ls, arise u l t im a te ly  f r o m  

m u l t ip o te n t i a l  s tem cel ls (Wu et al, 1968; . A b r a m s o n  et al 1977; Till & 

McCul loch,  1980). Stem cel ls are f i rs t  d e te c ted  in the yo lk  sac of  the 7 day old 

m o u s e  foe tus  (Moore & Metcal f ,  1970). They are later  fo und  in the foeta l  l iver 

and by 12 days of  ges ta t ion  th e y  give rise to  p rog e n y  capable  o f  syn thes iz ing 

im m u n o g lo b u l in  heavy chains (cp) (Raff et al , 1976). Sur face Ig M - b e a r in g  B 

ly m p h o c y te s  appear  in the l iver  and spleen of  16- 17  day old e m b r y o s  (Spear  

et al , 1973; Owen  et al , 1974) but  cel ls exp ress ing sur face IgA and IgG only  

appear  later, dur ing  the f i r s t  f e w  days of  l ife (Abney et a], 1978). Be tw een  10 

and 15 days af ter  bir th,  IgD appears  and increases in a m o u n t  unt i l  3 m o n t h s  of  

age w h e n  it Is the p r e d o m in a n t  i m m u n o g l o b u l i n  on the sur face of  m o s t  B cel ls 

(Vi tet ta et al, 1975; Vi te t ta 81 Uhr, 1977). la g ly co p ro te in s ,  e n code d  by genes 

w i t h in  the I region of  the H -2  c o m p le x  are expressed on all B cel ls w i th in  the 

f i rs t  f e w  days of  l ife (Kearney et al, 1977) and are p res en t  on 95% of  sp len ic  B 

l y m p h o c y te s  by the ninth day (Huber, 1982). Q a -2  ant igens,  also e n c ode d  in 

the H -2  region,  are p res en t  on both B cel ls and th e i r  im m e d ia te  p rec u rs o rs  in 

the adul t  but  not  the e m b r y o  (Kincade et al, 1980). It is wel l  es tab l ished  tha t  

ne i ther  la nor  Q a -2  exp ress ion is res t r i c ted to  the B l ineage (H ammer l in g,  1976; 

Kincade et al, 1980).

A d u l t  B ly m p h o c y te s  are h e te ro g e n e o u s  in m an y  respec ts  inc lu d in g  the i r  

express ion of  d i s t inc t  d i f fe ren t ia t i on  ant igens (Ahm ed et al, 1977a; Huber , 1982); 

the i r  qual i ta t ive and qu an t i ta t i ve  m e m b r a n e  i m m u n o g lo b u l in  i so ty pes  (Abney 

et al, 1978; Scher  et al, 1976; V i tet ta  8< Uhr, 1977); th e i r  react iv i t y  to  d i f fe re n t  

m i to g e n s  (Gron ow icz & C out inho ,  1975) and an t ig en s  (Laf leur et al, 1973); th e i r  

aquis i t ion of  i m m u n o c o m p e t e n c e  dur ing  o n t o g e n y  (M os ie r  et al , 1977) and the i r  

se lect ive inact ivat ion fo l l o w in g  exposure to t o le r o g e n ic  s ignals (Cam bier  et al, 

1977; Metca l f  et al, 1980).

The de ve lo p m enta l  basis o f  th is  func t iona l  h e te ro g e n e i t y  remains  to  be
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establ ished.  Funct iona l ly  d i s t i n c t  B l y m p h o c y te s  cou ld  rep re s e n t  the  sequent ia l  

ma tu ra t iona l  s tages  of  a s ing le  B cell  l ineage (Cambie r  et al, 1977; G ro n o w ic z  & 

Cou t inho ,  1975) or  the  d is t in c t  sub l ines  of in d e p e n d e n t l y  m a tu r in g  B cel ls that  

have d iverged f r o m  a c o m m o n  stem  cell ear ly  in B l y m p h o c y t e  d e v e lo p m e n t  

(Paige et al , 1979; S lack et al , 1980). The ex te n t  to  w h ic h  in t r ins i c  a n d /o r  

ext r ins ic  fa c to rs  play in the genera t i on  of  f un c t io na l  h e te r o g e n e i t y  is also 

unc lear  (McKearn et al , 1982). C on t ro l  o f  B l y m p h o c y t e - a n t i g e n  exp ress ion has 

been c la imed to be d e p e n d e n t  on qua l i ta t ive p roper t i es  in he ren t  in the signals 

ac t ivat ing a par t ic u lar  B cell  (A ugus t in  & Cout inho,  1980; C am bie r  et al , 1977) or 

d i f ferent ia l  in v o lv e m e n t  o f  cer ta in  a c cessory  cel ls (K is h im oto  & Ishizaka, 1973; 

Richman et al, 1981). Such mode ls ,  based exc lus ive ly  on ext r ins ic  cont ro l  

mechan is m s ,  gene ra l ly  v ie w  B cell  d e v e lo p m e n t  w i t h in  a s ing le  l ineage. 

Di f ferent ial  B cel l  f u n c t io n  w o u ld  be at t r ibu ted to  r e g u la to ry  in f lu en ces  exer ted 

upon B cel ls c o m p r i s in g  c o n s e c u t i v e  sequent ia l  s tages w i t h in  one B l y m p h o c y te  

d i f fe re nt ia t io n pathway.  There is, how ever ,  ev idence f o r  the  ex is tence of  at 

least  t w o  d is t in c t  B l y m p h o c y t e  s u b p o p u la t io n s  (Wort is  et al, 1982; Spren t  & 

Bruce, 1984a; Hardy et al, 1984).

There are several  p ro m is in g  approa ch es  to  u n de rs ta n d in g  B ly m p h o c y te  

he te rog e ne i t y  and d e v e lo p m e n t .  A m o n g  these  is the use of  m o n o c lo n a l  

ant ibo d ies d i rected to  cel l  sur face ant igens  on B cell precurso rs  (Cof fman  8i 

Weissman,  1981a,b; Dessne r  &  Loken, 1981; Kincade et al , 1981a). One such 

ant igen, B220, the B c e l l - s p e c i f i c  fo r m  of  the T200 g ly c o p r o te in  fami ly,  is 

p resent  on all B l y m p h o c y te s  inc lud in g th e i r  precursors .  There are apparen t ly  

t w o  su b po p u la t i o ns  of  B220+ p re -B  cel ls w i t h  re spec t  to  the exp ress ion of  

ano th e r  ant igen ThB (Eckhardt  81 Herzenberg,  1980); the smal l  B220+, T h B +, s l g '  

cel ls are t h o u g h t  to  be a m ore  matu re  than the larger  B220+, T hB ' ,  s l g '  cel ls 

(Cof fman, 1983 ( review))0. M o n o c lo n a l  ant ibod ies  against  these  an t ig en s can be 

used to isolate B l y m p h o c y t e  p re curso rs  a l lo w ing  th e i r  fu r th e r  m a tu ra t io n  to  be 

s tud ied in v i t ro  (Kincade et al, 1981a, b) and in i r rad ia ted or  im m u n o d e f i c ie n t  

mice (Paige et al, 1979; Kincade et al, 1978; Landreth,  et  al , 1983).

The d iscovery  o f  m o us e  s t ra ins th a t  are genet ica l ly  defec t iv e in B l y m p h o c y te  

fu n c t io n  has helped in the analys is  o f  B ly m p h o c y t e  sub p o p u la t io n s  and the i r  

fu nc t i ona l  and l ineage re la t ionships.  Perhaps the m o s t  i n fo rm a t iv e  m od e l  has 

been the CBA/N m o u s e  strain. A m s b a u g h  et al (1972) f i rs t  re c o g n is e d  tha t
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CBA/N mice w e re  u n res po n s iv e  to  several  p n e u m o c o c c a l  po ly sa cc ha r ide 

an t igen s  and th a t  th e i r  u n r e s po n s iv e n e s s  was t r a n s m i t t e d  in an X - l i n k e d  

fashion.  S u b s e q u e n t  w o r k  has revealed th a t  the i m m u n e  def ic i t  is 

ch arac te r ised  by u n re s p o n s iv e n e s s  to cer tain  t h y m u s - i n d e p e n d e n t  (Tl—2) 

ant igen s  (Scher et al , 1975), h y p o re s p o n s iv e n e s s  to som e  B cell  m i t o g e n s  and 

un res p on s iv e n es s  to  o the rs  (Scher  et al , 1975; G o o d m a n  et al, 1978), and 

inabi l i ty  to  p roduce  B l y m p h o c y t e  co lon ie s in sof t  agar  cu l tu re  a f ter  m i to g e n

s t i m u la t i o n  (Kincade, 1977). The un re s p o n s iv en e s s  of  CBA/N mice to  T l—2

ant igen s  can be co r re c te d  by the t rans fe r  of  B cel ls f r o m  normal  

h is to c o m p a t ib le  mice (Scher  et al 1975), w h ic h  sug ge s ts  tha t  the xid m u ta t i o n  

is a defect  w i t h in  B cel ls a n d / o r  th e i r  precursers.

S tudies have s h o w n  th a t  the  CBA/N m o u s e  is in fact  de f i c ie n t  in at least  one 

fu nc t iona l  subse t  o f  m a tu re  B l y m p h o c y te s  (Scher  et al, 1975). This 

s u bp o p u la t i on  is f i rs t  de tec te d  in the spleen of  normal  m ice  at 2 - 3  we eks  af ter  

bi r th and has been charac te r ised  as (a) bearing Ly b-5  ant igens;  (b) f u n c t io n a l ly  

exp ress ing m in o r  l y m p h o c y t e - a c t i v a t i n g  d e te rm in an ts  (Ahmed & Scher,  1976) 

and (c) express ing a high level o f  sur face IgD and a lo w  level o f  sur face IgM 

(Hardy et al , 1982). It has been sugges te d  th a t  the xid m u ta t io n  causes a 

matu ra t iona l  b lock in B l y m p h o c y t e  d e v e lo p m e n t  pr io r  to  the  d i f fe ren t ia t ion  of 

th is  matu re  subpop ulat ion.  If th i s  is the case, and if B l y m p h o c y t e  

d i f fe ren t ia t ion occurs  a long a s ing le  l ineage, then adul t  CBA/N B cel ls m ig h t

resem ble  i m m a tu re  B cel ls seen in normal ,  neonata l  m ice  (Scher,  1982). This is

t rue  f o r  s o m e  proper t ies ,  Ig M / lg D  (Finkelman et al, 1975), L y b -5  express ion 

(Scher  et al, 1975) and th e i r  re sponse  to  a n t i g e n - n o n - s p e c i f i c  T cell rep lac ing 

f a c t o r  (TRF) (Parker et al, 1979), but  not  others . Hardy et a] (1983) s h o w e d  tha t  

CBA/N B cel ls did no t  express the ant igen BLA-1 wh e re a s  all B cel ls f ro m  

norm a l  2 w e e k  old mice w e re  B L A - 1 +.

The o th e r  su g g es t i o n  has been th a t  there is m ore than one l ineage in B 

ly m p h o c y te  d e v e lo p m e n t  and tha t  the  xid m u ta t i o n  resul ts  in a b lock in one or  

m ore  of  these  l ineages (Kincade, 1977; Kincade et al , 1978). If th is  w e re  the 

case, L y b - 5 -  cel ls in adu l t  CBA/N mice should  be in d is t igu ishable  f r o m  L y b - 5 - 

cel ls in norm al  adults.  However ,  B cel ls tha t  em erge  in CBA/N mice appear  to 

be a un ique pop ula t ion not  rep re sente d in no rm al  mice and m ay  also be 

fu n c t i o na l l y  defec t iv e (Ono et al, 1983; Sprent  & Bruce, 1984b).
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Com para t i ve  s tu d ie s  of  B lymp-hocytes f r o m  con g e n i t a l l y  a th y m ic  (nu/nu)  and 

CBA/N mice  have p rov ided  s o m e  ev idence fo r  a m u l t i - l i n e a g e  model  of  B 

ly m p h o c y t e  d e v e lo p m e n t .  Nude mice have a de fec t  in B cell d e v e lo p m e n t  

(Gr if f i th et al, 1976; Parks et al , 1977), c o m p l e m e n t a r y  to the x[d de fec t  (Words,  

1974). Double  m u ta n ts  (CBA/N n u /n u)  are p ro fo u n d ly  de f ic ien t  in B 

ly m p h o c y te s  c o m p a r e d  to  CBA/N m ice (Wort is  et al , 1982; M ond  et al, 1982; 

Sprent  & Bruce, 1984a). This su g g e s ts  th a t  ma tu re  B cel ls be long  to t w o  

subpop u la t io ns :  t h y m i c  in f luen ce is Crit ical fo r  the no rm al  d e v e lo p m e n t  of 

ma tu re  Lyb-5~ B cel ls w he rea s  L y b - 5 + cel ls are re la t ive ly  in d e p e n de n t  of  such 

in f luences (Mond, et al , 1982).

The level o f  exp ress ion  of the an t igens  BLA-1 and BLA-2  is t h o u g h t  to be 

inverse ly  related to  the degree of  B cel l  m a tu r i t y  -  cel ls exp ress ing  BLA-1 and 

BLA,-2 inc lude the p re -B  cel ls tha t  con ta in  cju (Hardy et al , 1984). The increase 

in L y b - 5 + dur ing o n t o g e n y  is paral le led by a decrease in cel ls exp ress ing the 

BLA ant igens,  s u g g e s t in g  tha t  B L A - 1 ” 2 ” cel ls are a m ore  m a tu re  populat ion.  

B L A -1 +2~ cel ls w e re  d im in is he d  t e n - f o l d  in CBA/N mice and B L A - 1 “ 2 + we re  2 -3  

t im e s  reduced in nudes. T h r e e - a n d  f o u r - c o l o u r  FACS analysis  o f  the relat ive 

express ion of  BLA-1, BLA-2,  IgD and IgM in normal ,  CBA/N and nude mice 

sugges te d  th a t  the orde r  in w h ic h  the BLA ant igens were  lost  dur ing B 

l y m p h o c y te  d i f fe ren t ia t io n  d is t in g u is he d  t w o  d is t inc t  B cel l  l ineages.

We have s tud ied the d e v e lo p m e n t  o f  B ly m p h o c y te s  carry ing  the >dd muta t io n  

in m ice  tha t  w e re  h e te ro z y g o u s  both fo r  xid and fo r  the X - l i n k e d  enzym e 

p h o s p h o g ly c e ra te  kinase (PGK-1). The t w o  al lel ic fo r m s  of  PGK-1, PGK-1A and 

PGK-1B, p rov ide  an appr opr ia te  mark er  syst em  in CBA/N x C B A / C a - P g k - 1 a 

fem ale  mice  because  X c h r o m o s o m e  inact iva t ion resul ts  in ind iv idual  cel ls 

having only  one X c h r o m o s o m e  act ive.  Thus, cel ls wi l l  car ry  e i ther  Pgk J_b and 

xid OR P g k - 1 a and the no rm a l  (+) al lele at the xid locus. Females h e te rozygo us  

at an X - l i n k e d  locus are ba lanced mosa ic s  fo r  the p ro du c ts  o f  neutral  

p o ly m o rp h i c  genes. If a m u ta t io n  at an X - l in k e d  locus d i rec t l y  a f fects  a cell 

popu la t io n by being lethal at a par t icu la r  de ve lo p m enta l  s tage or by a f fect ing 

the cel ls '  abi l i ty  to  pro l i ferate,  the m o s a ic is m  wi l l  b e c o m e  unbalanced.  If on 

the o th e r  hand, the m u ta t io n  acts ind i rec t ly  via m ic r o e n v i r o n m e n ta l  fac tors ,  one 

w ou ld  not  expec t  the m o s a ic is m  in the f inal  ta rge t  cel ls to  be af fected.  The 

degree of  imba lance  in the PGK 1 p h en o ty pe  of d i f ferent  cel l  ty pes  wi l l  ref lect
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the extent  of  the e f fe c t  of  the xid muta t ion.

The main o b je c t i ve s  of  this s tu d y  we re  as fo l lows .

(1) To co n f i r m  tha t  the e f fec t  of  the xid m u ta t i o n  is res t r ic ted to the B 

l y m p h o c y t e  l ineage.  In add i t i on  to  B cel ls, a series o f  d i f f e ren t  cell types,  

inc lud ing  e ry th ro c y te s ,  t h y m o c y t e s ,  g ra nu lo c y te s  and n o n - h a e m a t o p o i e t i c  cel ls 

w e re  iso lated f r o m  x id /+  and +/+ mice and the i r  PGK-1 p h e n o ty p e s  compared.

(2) To f ind ou t  w h e t h e r  all B l y m p h o c y t e  su b po p u la t i on s  were  af fec ted  by the 

mutat ion.  It is k n o w n  tha t  one par t i cu lar  s u bpop u la t ion  (Lyb— 5+;h igh IgD, low 

IgM) is miss ing in CBA/N mice,  but  is unc lear  w h e t h e r  o th e r  B l y m p h o c y te s  that  

are pr esent  are also defec t ive in som e way. As s ta ted p rev ious ly ,  there is 

ev idence th a t  xkf L y b - 5 ” B cel ls are'  no t  func t i ona l l y  equiva l en t  to  norm al  

Lyb-5~ B cel ls (Ono et al 1983; Sprent  & Bruce, 1984b).

(3) To f ind ou t  at w h a t  age and at w h a t  s tage of  B l y m p h o c y t e  d e v e lo p m e n t  

the xid m u ta t io n  acts. Bone m a r r o w  p re -B  and B cel ls and splen ic  B 

l y m p h o c y te  su bp o p u la t io n s  w ere  isolated f r o m  x id /+ mice  of  d i f fe re n t  ages.

(4) to assess w h e t h e r  the xid de fec t  is l i fe - lo ng .  There is ev idence to  s u gges t  

th a t  the de fec t  is par t ia l ly  res tored in old mice (Fidler et al 1980) but  o th e r  

w o rk e rs  (Kincade et al, 1982 ( review))  have found  no c lonable  B cel ls in mice 

up to  2 years  old. PGK-1 analys is was pe r fo rm e d  on B l y m p h o c y t e s  f r o m  old 

x id /+  mice.

Mater ials & M e thods

1. M ic e .

C B A / C a - P g k - 1 a males we re  mated  to  e i ther  CBA/N fem ales  to  p roduc e 

x id /+ ;P g k - 1 b/a F1 hybr ids  or  to  C B A / C a - P g k - 1 b fem ales  to  p ro du c e  co n t r o l  

+ /+ ;P g k - 1 b/a mice.  The rec ip rocal  c rosses  were  used to  examine the parental  

e f fects  on X c h r o m o s o m e  inact ivat ion (see Chapter  3). Per ipheral  b lood  and 

w h o le  t issue sa mples  w ere  prepared as descr ibed in Chapter  3.
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2. Preparation of Cell S u sp e n s io n s .

Ceil suspens ions  of  s u b c u ta n e o u s  ly m ph  node,  t h y m u s  and sp leen w e re  made 

by d isso c ia t in g  t issues  in a g ro u n d  glass h o m o g e n i s e r  in a p p ro x im a te ly  1ml 

RPMI BSA m e d iu m  (see Append ix  I) and poured th r o u g h  a f ine s ta in less steel 

sieve to re m o v e  s t rom a.  E ry th rocy te s  w e re  re m o v e d  f r o m  the  sp leen cell 

suspen sion  by o s m o t i c  lysis (see Chap te r  4). Bone m a r r o w  cav i t ies  were  

f lushed w i th  RPMI-BSA m e d iu m  and the m a r r o w  plug was  aspi ra ted  t h r o u g h  a 

25g needle to  obta in  a s ingle cell suspension.  Cell v iab i l i ty  c o un ts  were  

p e r fo rm ed  us ing a so lu t ion of  acr idine or ange  and e th id iu m  b ro m id e  (see 

Append ix  I). Su spens io ns  were  adjusted to  a c o n c e n t r a t i o n  of  107 viable cel ls 

per  ml.

3. Isolat ion of  B L y m p h o c y t e s .

(a) Mature B L y m p h o c y t e s . FITC-RAMIg a n t i se rum  (Chap ter  4) was  used to 

isolate matu re  B ly m p h o c y te s  f r o m  l y m p h o id  cell suspens io ns .  A to ta l  of  

2.5x106 lymph  node or  spleen cel ls were  s tained w i t h  5jul F ITC-RAMIg f o r  40 

mins.  at 4°C at a c o n c en t ra t io n  of  5 x 106 cel ls per  ml of  RPMI-BSA med ium.  

7.5x10s bone m a r r o w  cel ls w e re  s tained w i t h  15uI FITC-RAMIg.  Cel ls were  

was hed three t im e s  w i t h  co ld m e d iu m  and resus pend ed  in an appropr ia te  

v o lu m e  (approx.  TO7 ce l ls /m l )  f o r  FACS analys is  and sor t ing.  Figure 6:1 (A) 

sh ows  a FACS dot  p lo t  o f  bone m a r r o w  cel ls s tained w i t h  FITC-RAMIg.  Ig*  and 

Ig” cel ls we re  sor ted into 1.5ml Sars ted t  tu b e s  con ta in in g  0.25ml  RPMI-BSA 

med ium .  Col lected samp les of  1 - 2 x 1 0 5 cel ls w e re  ce n t r i fu g e d  fo r  5 mins.  at 

250g. The s u p erna ta n t  was carefu l ly  re m o v e d  and the ins ide of  the Sarstedt  

tu be  dr ied w i th  t issue. Sample b u f f e r  was added to  the pe l le t  at a 

co n ce n tr a t i o n  of  1^il/ 5x104 l y m p h oc y te s .  G r a n u lo c y t e - l i n e a g e  cel ls were 

ident i f ied by the i r  h ig her  90°  scat te r  prof i le  (Chapter  4) and 3 - 5 x 1 0 5 were 

isolated f r o m  s o m e  of  the bone m a r r o w  samples.

(b) B-Cel l  P recurso rs . Pre-B cel ls w e re  isola ted using a rat  m o n o c lo n a l  

an t ibod y (14.8) against  a 220 kd m o le c u la r  w e i g h t  g l ycopro te in ,  p re se n t  on all B 

l ineage cel ls inc lud ing th e i r  precursors .  6x 106 bone m a r r o w  cel ls w e re  stained 

w i th  30gl of  14.8 (10X con centrated,  pur i f ied cu l tu re  supernatant ,  k ind ly  g iven to 

us by Dr. P.W. Kincade). Sta in ing was p e r fo rm ed  f o r  40 mins at 4°C at a
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Figure 6: 1

A. FACS dot plot of bone CBA/Ca bone marrow cells stained 

with FITC-RAMIg. 8-12'/. (on average) of nucleated marrow 

cells were positively stained.

8. FACS dot plot of C8A/Ca bone marrow cells stained with 

monoclonal rat anti-mouse 14.8 + FITC-GARIg. 14.8 dull 

and 14.8 bright populations are shown.

89



log f l uo r e s c e n c e



co n ce n t ra t io n  of 5x10 cel ls per  ml. 80 uI f luores ce in  label led goa t  an t i se rum  to
R

rat i m m u n o g lo b u l in  (w ho le  mo lecu le )  (FITC-GAMIg)  was added fo r  40 mins at 

4°C. Cel ls were  was hed fo u r  t im e s  af ter  each s ta in ing s tep and f inal ly  

resuspended in the appr opr ia te  v o lu m e  of  RPMI-BSA m e d iu m  fo r  FACS analys is  

and sor t ing.  Figure 6:1 (B) sh o w s  a FACS dot  p lot  o f  bone m a r r o w  cel ls 

stained w i t h  14.8. This m o n o c lo n a l  an t ibo dy is useful  because it d i f fe ren t ia l ly  

s tains B and p re -B  l y m p h o c y tes .  B cel ls stain br ig h t l y  and these  cel ls have 

been s ho w n  by 2 - c o lo u r  FACS analys is  to  express s u r f a c e - m e m b r a n e  Ig. Cells 

th a t  stain dul ly  w i th  14.8 are cons idered to be B l y m p h o c y t e  prec urso rs :  they  

do not  express s u r fa c e - lg  but  a p ro por t i on  conta in  c y to p la s m ic  u (Kincade 

et al, 1981). Populat ions of  14.8—du 11 and 14.8 b r ig ht  cel ls w e re  def ined, sor ted 

and prepared fo r  PGK analys is as descr ibed above.

(c) B Ly m p h oc y te  S u b p o p u la t io n s . 4x106 spleen cel ls w e re  s ta ined w i t h  200jjI 

Texas Red- labe l led goat  a n t i se rum  to m ouse  IgM (TR-GAMIgM)  (E.Y.Iabs.) and 

25/jI f l u o re s c e in - la b e l l ed  goa t  an t i se rum  to m ouse  Ig D (FITC-GAMIgD) (Nordic)  

fo r  40 mins at 4°C in 1ml RPMI-BSA medium.  Cells w e re  w a sh ed  th re e  t i m e s  

in 5ml RPMI-BSA m e d iu m  and then resuspended in 1ml fo r  FACS analysis  and 

sor t ing.  N o n - l y m p h o c y t e s  were  gated out  using fo rw a rd  scatter ;  l y m p h o c y te s  

were  analysed and sor ted using green and red f lu o re sce n ce  s im u l taneo us ly .

4. PGK-1 A nalys is .

Whole t issue samples were  d i luted to  the ap pr opr ia te  c o n c e n t ra t i o n  

im m e d ia te ly  before PGK-1 analyses (sorted cell samp les w e re  undi lu ted) .  Blood 

samples fo r  tests  of  m os a ic is m  we re  d i luted 1:1 and run on the MTT/PMS 

system.  All  o the r  samp les were  run at least tw ic e  on the 14C s ys te m  (Chapter  

2) and the mean value used in f inal  results.
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Results.

1. X C h r o m o s o m e - l n a c t i v a t i o n  Ef fects .

The probab i l i t y  o f  exp ress ion of  the X c e cP g k - 1 a-b e a r in g  X c h r o m o s o m e  in mice 

used in th is  ch ap te r  was  c o m p a re d  to tha t  in the mice descr ibed  in Chapter  3. 

These inc luded C B A / C a - P g k - 1 a (backcross gene ra t ion  16-18)  and CBA/Ca x 

C 3 H / H e H a - P g k - 1 a FI progeny.

Table 6:1 s h o w s  the PGK-1 phe n o typ es  of  e ry th ro c y te  samp les f rom  these 

mice.  The pr obab i l i ty  of  express ion of  the X c e cP g k - 1 a X c h r o m o s o m e  in x id /+ 

mice was 71% and this was not  s ig n i f i can t ly  d i f fe re n t  f r o m  th a t  fo und  for  the 

ot he r  X c e a/ X c e G he te rozy go te s .  Also,  there  was no s ign i f i can t  d i f ference 

be tw een  the x id /+  p rog e n y  of  rec ip roca l  crosses (Table 6:2). This sh o w s  that  

no parental  e f fects  on the X - in a c t i v a t io n  process are ev ident  in the x id /+  mice.

The aim of  th is  cha pter  was to  analyse the ef fec t  of  the xid m uta t i on  on 

d i f ferent  cell ty pes  by look ing  at imba lances In X c h r o m o s o m e  express ion.  The 

P g k - 1 b al lele w a s  a co n v e n ie n t  marke r  fo r  xid bear ing cel ls; any reduct ion  In 

the p r o po r t i o n  of  PGK-1B pr esent  in a cel l  popula t ion w ou ld  ind icate  tha t  it 

was af fected by x|d. There is a large range of  "basel ine"  PGK-1A values 

(35 -90 %)  be tw e e n  mice. If a m o u s e  had a basel ine level of  m o s a ic is m  at the

to p of  the range it w ou ld  be d i f f i cu l t  to de tec t  any reduc t ion in PGK-1B

al loenzyme.  To resolve th is  p rob lem,  all mice w e re  p r e - s c r e e n e d  and only  

those  w i th  a phen o typ e  of be tw e en  35 and 75% PGK-1A were  used fo r  fu r the r  

analysis.

2.Ana lyses of  Di f ferent  Cell L ineages.

The mean PGK-1 p heno types  of  a n u m b e r  of  d i f fe rent  cel l  typ es  isolated f rom  

several  x id /+  mice  and several  co n t r o l  mice (+/+) are s h ow n in Figure 6:2. %

PGK-1 B is p lo t te d and this re f lects  the % x id -b e a r in g  cel ls p resent  in the

sample.  Cont ro l  mice were h e te ro z y go us  fo r  PGK-1 but  did not  carry  xid. 

There was no s ign i f i can t  d i f ference be tw e e n  the t w o  sets o f  m ice  fo r  m o s t  of  

the cell popu la t ions,  i.e. e ry th roc ytes ,  th y m o c y te s ,  n o n - B  cel ls o f  the lymph 

node and spleen,  g ranu lo cy tes  and k idney cells. D e v e lo p m e n t  o f  these cell
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Table 6:1

Mean I PGK-1A present in erythrocytes of xid/+ and +/+ mice.

Mouse strain CBA/N x CBA.PGK-1A CBA/Ca CBA/Ca x C3H
xid genotype xid / * + / + +/ +

Mean 71 72 73
SD 10 G 9

no. samples 92 100 100

Table 6:2

Mean '/. PGK-1A present in erythrocytes of xid/ + mice derived 
from reciprocal crosses.

Cross CBA.PGK-1A x CBA/N CBA/N x CBA.PGK-1A

Mean
SD

no. samples

74
11
27

76
9

27



Figure 6: 2

Mean I xid- b e a n n g  cells (inferred form 7.PGK-1B) present in 

different cell populations from xid/+ (O) and +/+ (•) mice. 

The mean '/. PGK-1B value ( — sD ) is plotted and the number of 

animals used in the estimation is given. When only 1 or 2 

values were obtained, individual points are plotted.

E = erythrocytes

T = thymus

LN = slg (non-B cells) from lymph node

LN+ - slg+ (B cells) from lymph node

SPL = slg (non-B cells ) from spleen

SPL = unsorted spleen 

SPL+ = slg+ (B cells) from spleen

G = granulocytes

K = kidney

Br = brain
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ty pes  is thu s una f fec ted by -the xid mutat ion.  There we re  v i r tua l ly  no xid 

bear ing cel ls pr esent  in B l y m p h o c y t e  popu la t ions  isolated f ro m  the lymph 

node and spleen of  x i d A  m ice  . Taken t o g e t h e r  these data s u g g e s t  tha t  the 

d e v e lo p m en ta l  e f fects  of  the xid gene(s) are rest r i c ted to the B ly m p h oc y te  

l ineage. B l y m p h o c y te s  and th e i r  sub p op u la t io n s  we re  analysed In m ore detail.

3. Per ipheral  Lym ph oid O rg a n s .

Figure 6:3 sh ows  the %PGK-1B(x[d)  present  in B cel ls and n o n - B  cel ls isolated 

f r o m  the per iphera l  ly m ph  node s and spleen of  several  x i d A  het e rozygo te s  and 

co n t r o l  (+/+) mice (2 -18  m o n t h s  old). There was no s ign i f i can t  d i f ference in 

the  %PGK-1B pr esent  in n o n - B  cel ls and B cel ls iso la ted f rom  indiv idual  cont ro l

mice.  This s h o w s  th a t  the PGK-1 marker  is neutral ;  cel ls are not  selected

against  if they  carry e i ther  one of  the PGK-1 a l loenzymes.

In x i d A  mice  the n o n - B  cell c o m p a r t m e n t  had c om parab le  levels o f  PGK-1B to 

the co n t r o l  mice, w h ere as  the B cell c o m p a r t m e n t  had v i r tua l ly  no PGK-1B 

activi ty.  In near ly all cases (13/14)  there was  less than 4% PGK-1B; the one

excep t ion to this (m ouse  41) had 16% PGK-1B, but  this was sti l l  less than the

co r re s p o n d in g  n o n - B  cell  popu la t ion  (44%). As PGK-1B marks x id -bear i n g  

cells, these  data ind icate  th a t  cel ls carry ing the xid lesion are not  present  

a m o n g  the B cel l  p o p u la t i ons  no rm a l l y  fo und in the per iphera l  lymph nodes and 

spleen of  adul t  mice.

4. Bone M a r ro w  B cell P o p u la t io ns .

Figure 6:4 sh o w s  the %PG K-1B  pr esent  in n o n - B  cells, p re -B  cel ls and mature 

B cel ls iso la ted f r o m  the bone m a r r o w  of x id /+  and +/+ mice (2 -6  m o n th s  old). 

In ind iv idual  co n t ro l  m ice  th e re  was no s ign i f ic an t  d i f fe rence be tw een  any of  

the cell popu la t io ns  studied. A lso there was no s ign i f i can t  d i f ference between 

n o n - B  cel ls and p re -B  cel ls iso lated f r om  x i d A  bone mar row.  This indicates 

that ,  l ike n o n - B  cells, the p r e - B  cel ls are una f fected by the xid muta t ion.  There 

w e re  s ign i f i can t ly  less x id - b e a r in g  cel ls pr esent  in B com pared  to n o n - B  cells 

isolated f ro m  ind iv idual  x i d A  m ice (p=0.01). Also, B cel ls had a cons is tent ly  

smal le r  x id -b e a r in g  c o m p o n e n t  than p re -B  cells. This d i f ference re f lects  the 

degree of  imbalance  in the bone m a r r o w  B cell popula t ion and thus  the extent



Figure 6:3

7. xid- b e a n n g  cells present in B cells and non-B cells 

isolated from lymph node (A and B) and spleen (C and 0) 

of xid/+ and +/+ mice. Figures on the left of the 

broken line (A and C) are x M / +  mice, those on the right 

(B and 0), +/♦ mice.

0  - slg (non-B cells)

O  - slg+ (B cells)
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Figure 6: 4

xid- b e a n n g  cells present in non-B cells, pre-B cells 

and B cells from the bone marrow of xid/ + and +/+ mice. 

Figures on the left of the broken line are xid/+ mice, 

those on the right, +/«• mice.

9  - slg (non-B cells)

O - slg+ (B cells)

A  - 14.8 dull (pre-B cells)

A  - 14.8 bright (B cells)
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of  the ef fect  of  the xid m u ta t io n  on th a t  populat ion.

5. B Cells f ro m  Bone M a r r o w  of  Di f fe rent  A g e s .

N o n - B  cells, p r e - B  cel ls and m a tu re  B cel ls were  iso la ted f ro m  the bone 

m a r r o w  of  y o u n g e r  (2- 6  weeks)  and o lde r  (12 -2 0 m onth s )  x id /+  mice (Figures 

6:5 and 6:6). The % x id - b e a r in g  cel ls pr esent  was co m p a re d  to  the adul t  (2-6  

m on th s )  mice desc r ibed above. A p p rop r ia te d  a g e - m a t c h e d  con t r o ls  (+/+) were 

also analysed. The var ia t ion in the basel ine level of  m osa ic is m  betwee n mice 

made it d i f f icu l t  to pool  PGK-1 va lues fo r  spec i f ic  cel l  populat ions.  To 

o v e r c o m e  this,  the d i f fe rence in PGK-1A values be tw een  cell popu la t io ns was 

ca lcu la ted fo r  indiv idual  mice and the mean d i f ference ca lculated for  each age 

group. A large d i f ference be tw een  t w o  cell  popu la t ions  wi l l  indicate  tha t  one 

or  o th e r  of  t h e m  is grea t ly  a f fected by the xid muta t ion.  Smal l  d i f fe rence s wi l l  

s h o w  th a t  ne i ther  or, a l ternat ive ly ,  both  o f  the cel l  popu la t io ns  are affected.  

Mean d i f ferences  be tw een  cell po pu la t i ons  f rom  d i f feren t  age g roups  are s h ow n 

in Table 6:3. As expected, none of  the d i f ference s ca lcula ted f r om  co n t r o l  mice 

was s igni f icant .  In the 2 w eek  old x id /+  h e te rozygo tes  there  was no s ign i f icant  

d i f fe rence be tw e en  B cel ls and n o n - B  cells, ind icat ing tha t  at this age the B 

cel ls of  the bone  m a r r o w  are una f fe cted by x id . (It was not  poss ible  to  sor t  

cel ls on the basis o f th e i r  14.8 s ta in ing in these animals  due to  the low 

nu m bers  of  cel ls present).  At  6 week s of  age the mean d i f ference s between 

n o n - B  cel ls and B cel ls was 6.8 and be tw een  p re -B  cel ls and B cel ls, 5.2. Both 

these d i f fe rences  we re  s igni f icant .  These resul ts  su ggest  tha t  the x[d m uta t i on  

has som e ef fec t  on the B cel ls in the bone m a r r o w  at 6 weeks of  age but  the 

re la t ive ly  smal l  Imbalance s h o w s  th a t  the ef fect  is small .  The d i f ference 

be tw e e n  cell popu la t ions  of  2 - 6  m o n th  old mice was greater;  12.6 fo r  n o n - B  

minus  B and 11.1 fo r  p re -B  m in us  B cel ls. In the 12-20 m o n th  age g rou p this 

d i f ference was increased to  24.5 and 21.9 respect ive ly .  The xrd muta t ion,  

there fore,  has a greater  e f fec t  on B cel ls of  the bone m a r r o w  as the mice 

mature.  Figures 6:5 and 6:6 s h o w  th a t  in som e of  the o lde r  mice (Nos. 38,43 

and 48) the p ro po r t i o n  of  B cel ls earr ing the xid al lele was less than 10%. This 

s ugges ts  th a t  v i r tua l ly  all the B cel ls in the bone m a r r o w  of  these m ice are 

af fected by the xid mutat ion.

6. Analyses of  B Lym phocy te  S u b p o p u la t io n s .
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Figure 6:8?

'/• xid-bearing cells present in pre-B cells and B cells 

isolated from the bone marrow of xid/ + mice of different 

ages .

A - 1-4.8 dull (pre-B cells)

A  - 14.8 bright (B cells)
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Figure 6:6

/. xid-bearing cells present in B cells and non-B cells 

isolated from the bone marrow of xid/ + mice of different 

ages .

0  - sIg (non -B cells)

O  - slg+ (B cells)
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Table 6:3

Mean difference in '/PGK-1A ( ± S D )  between different cell populations 
isolated from the bone marrow of xid/ + and +/+ mice. The number in 
square brackets [] refers to the number of mice analysed.
The results of a paired t test are shown in parenthesis.

NS = not signicant 
S* = p<0.05
S** = p < 0 .01
S * * *  = p< 0 . 001

Age non minus B preB minus B nonB minus preB

Xid/+ Mice

2 wks [3] 2.4± 2.1 (NS) N . D. N.D.
4-6 wks [6] 6 . 8 ± 2.6 (S * *) 5 . 6 ± 4.2 (S*) -2.5± 4.8 (NS )
2-6 mo [8] 12. 6± 6. 1 ( S * * ) 1 1 . 1 ± 9.0 (S*) -0 . 5 ± 1.9 (NS)
12-20 mo [7] 24.5 ± 10.8 ( S * * *) 21.9 ± 12.0 (S*) -0. 1± 4.9 (NS)

+ /+ Mi ce

2 weeks [2] -5 . 5 ± 4.4 (NS) N.D. N.D.
> 2 m o . [3 ] -0.9 ± 3 .2 (NS) 0.62— 1.1 (NS) 0 . 5 ±  1 .6 (NS)
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B ly m p h o c y te s  can be d iv ided into 3 func t i ona l l y  d i s t inc t  sub po p u la t i o ns  wi th  

respec t  to the i r  relat ive express ion of  surface IgD and IgM (Hardy et al, 1982); 

Populat ion I -  high IgD, low IgM, Populat ion II -  high IgD, high IgM and

Populat ion III -  lo w  IgD, high IgM. It has been repor ted th a t  Populat ion I is

m iss ing in CBA/N mice.

T w o - c o l o u r  FACS analys is  was used to isolate these three s u b p o p u la t i o n s  f ro m

the spleen of  x id /+  h e te ro z y g o te s  to  examine the ef fect  of  the xid m u ta t i o n  on

the  d i f ferent  B l y m p h o c y te  subpopulat ions .

FACS dot  plots o f I g M -  and IgD-s ta in ed  splenic l y m p h o c y te s  f ro m  (+/+), 

(xid/xid)  and (xid/+) mice are s h ow n  in Figure 6:7. Table 6:4 ind icates the 

percentage of  the to ta l  ly m p h o c y te  popula t ion  tha t  are pr esent  in Populat ions 

I,II and III. The resul ts  may  be co m pa red  to those repor ted  by Hardy et al 

(1982) which are s h ow n  in brackets.  It is d i f f icu l t  to ca lcula te accurate  values 

fo r  each popula t ion  as the pos i t i on ing of  the gates to def ine the popu la t io ns  is 

decided by the exper imente r .  In addi t ion,  the values obta ined in this s tudy 

were  taken f rom  sa mples w here  the gates were  set  up fo r  c e l l - s o r t i n g .  To 

ensure a m in im u m  a m o u n t  of  co n ta m in a t io n  f ro m  o the r  sub p o p u la t io n s  it was 

inevi tab le that  s o m e  cel ls were not  inc luded in any of  the popu la t ions.  This 

may be the reason w h y  values obta ined fo r  Populat ion II In this s tudy are 

substant ia l ly  lo w e r  than th a t  repor ted by the Stanford g roup and indeed why  

the to ta l  pe rcen tag e of  B ly m p h o c y te s  is less than expected. Both s tudies 

s h o w  that  there is a substant ia l  reduc t ion in the pr opor t i on  of  Populat ion I 

present  in CBA/N mice com pare d  to CBA/Ca w he reas  the o th e r  t w o  popu la t io ns  

are present  in com p a ra b le  amounts .

The resul ts of  the FACS analyses indicate  tha t  popu la t ion I is a f fected by the 

xid lesion, but  Populat ions II and III are able to develop in CBA/N (xid/xid)  mice. 

However ,  the prev ious resul ts  of  this sect ion indicate tha t  the m u ta t io n  ef fects 

all B cel ls in the spleen of  heteroz ygo tes:  there  are v i r tua l ly  no x id -b e a r in g  

cel ls present in the B cel l  f ract ion.  It is possible,  but  unl ikely,  tha t  x id -be a r in g  

cel ls o f  Populat ions II and III are present  in nu m bers  too  low to be detected.

To resolve this apparen t  discrepancy,  the  3 subpop u la t ions  were  iso lated f r om  

x id /+ mice. Table 6:5 sh o w s  the PGK-1 analyses of  splenic subpop u la t io ns
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Figure 6: 7

FACS dot plot of splenic lymphocytes stained with FITC-RAMIgD 

(green fluorescence) and TR-RAMIgM (red fluorescence) from 

three different mice:

Figure Mouse Strain xid genotype

A CBA/Ca (control) +/+

B CBA/N xid/xid

C CBA/N x CBA/Ca-Pgk- 1a xid/ +

Oiagrammatic representation of these dot plots, showing:

Population I = high IgD, low IgM 

Population II = high IgD, high IgM 

Population III = low IgD, high IgM
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Table 6:4

Number of cells present in B lymphocyte subpopulations as a 
proportion of total splenic lymphocytes. See text for definitions 
of Pops. I,II and III. The value in parenthesis is the value 
calculated by Hardy et a l . (1982).

Mouse strain CBA/Ca CBA/N C B A .PGK-1AxCBA/N
xid qenotvpe + / + xid/xid xid/ +

Population I 18 (23) G ( < 4) 19
Population II 9 (18) 9 (20) 10
Population III 10 (8 ) 11 (15) 10

Table 6:5

PGK-1B (x i d ) present in erythrocyte, thymocytes, and splenic non-B 
and B cell subpopulations from xid/+ and +/+ mice.

Mouse No. 25 29 33 41 42
Age 3mo. 3.5 m o . G m o . 18mo. 1Gmo
x i d  genotype x i d / + x i d / + x i d / + x i d /+ */ +

erythrocytes 39 35 38 51 3G
thymocytes 28 29 33 56 2G
SPL non-B cells 28 30 32 41 34
Pop. I 0 0 0 0 35
Pop. II 4 0 0 0 3G
Pop. Ill G 10 0 0 38
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f r o m  4 adul t  mice.  The resul ts  o f w h o le  b lood and t h y m i  are also g iven as a

compar ison .  In all 4 x id /+  mice,  no x id - b e a r in g  cel ls w e re  detectab le  In

Populat ion I. Populat ions II a n d / o r  III had very  lo w  levels in the t w o  of  

y o u n g e s t  mice (no. 25 and 29) but  none in the others.  In co n t ra s t  n o n - B  cei ls 

f r o m  the spleen-, w h o le  b lood and th y m u s  samples  had a re la t ive ly  large 

p ro p o r t i o n  of  x fd -b ea r in g  cells. It is c lear  that  Populat ions II and III, as wel l  as

Populat ion I, are a f fected by the xid muta t ion.  X id -b e a r in g  cel ls in all three

p opu la t ions  are at a select ive d isadvan tage in the presence of  cel ls carry ing 

the normal  al lele fo r  xid.

7. Analyses of  B Cell Sub pop u la t io ns f r o m  Young  M ic e .

Data presented ear l ier  in this cha pter  (sect ion 5) sugges ted tha t  bone m a r r o w  B 

cel ls were  una f fected by the x[d m u ta t i on  in young  (2 w e e k  old) m ice and tha t  

they  became progress iv e ly  m ore af fected as the mice matured.  Splen ic  B cell 

subp op u la t ions  w e re  analysed to  see if the same p h e n o m e n o n  was observed. 

It is know n (Hardy et al, 1982) tha t  normal  2 week  old mice  are de f ic ien t  in

Populat ion I but  Populat ions II and III are present.

T w o - c o l o u r  FACS analysis was pe r fo rm ed  to  co m pare  the p ro p o r t io n s  of  cel ls 

present  in the spleens of  you ng  x id /+  and adul t  x id /+  mice (Tables 6:6). 

Populat ion I is present  in very  low p r o po r t io n s  in 2 w eek  old mice  (6%) and 

rose to a mean of21% in the adult. Populat ion III was present  in s l ight l y  h igher  

p ropor t io n s  in y o u n g  mice (17%) and this fell  to 11% in the adult.  There was 

no detectable  change in the relat ive p ro po r t i o n s  of popula t io n II as the mice 

matured.

The p ropor t io n s  of  x id -b e a r in g  cel ls present  in the B l y m p h o c y te  

s ubpopulat ions  of  young mice were  analysed (Table 6:7). Pooled values fo r  

these  resul ts and the adul t  va lues ( f rom Table 6:5) are s h o w n  graph ica l ly  in 

Figure 6:8. Populat ion I was present  in such low numbers in the 2 w e ek  old 

spleen that  it was di f f icul t  to get  enoug h cel ls fo r  accurate  PGK-1 analysis.  So 

far, a value fo r  only  one m ous e has been obtained.  There was no detectable  

x ic i -bear ing cel ls in Populat ion I o f  m ouse  34, ind icat ing tha t  at th is s tage these 

cel ls were  af fected by xid, but  m ore  resul ts are needed to  d e m o n s t r a te  this 

conv inc ing ly .  There were  v i r tual ly  no x id -b e a r in g  cel ls in Populat ion I o f  the 6
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Table 6 : 6

Number of cells present in splenic B lymphocyte subpopulation as a 
proportion of total splenic lymphocytes.

Mouse No. Age P o p . I Pop.II Pop.III

34 2wks ? 8 12
39 2wks . 6 9 20
40 2wks . 5 10 19

31 Gwks . 12 12 12
32 Gwks . 11 10 1 G

- 4mos . 27 ND 11
- 5mos . 19 10 10
33 Gmos . 18 8 12

Table 6:7

PGK-1B ( xid ) présent in érythrocyte, thymocytes and splenic 
subpopulation of young mice.

Mouse No. 34 39 40 30 31 32
Age 2wks 2wks 2wks Gwks 6wks 6wk

Erythrocytes 33 38 - 4G 37 36
Thymo cytes 2G - 52 40 39 40
Spl non-B 36 3 G 44 42 3 G 42
P o p . I 0 - - 2 2 0
P o p . II 9 17 19 21 18 18
P o p . III 1 G 41 42 29 12 14
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Figure 6:8

1 xid-bearing cells present in non- 

splenic subpopulations from mice of

0 — #  non-B cells 

O — O  Population I

A  ▲  Population II

A ---- A  Population III

cells and three 

different ages.
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w e e k - o l d  mice. A t  2 weeks  of  age Populat ion II had a b ou t  15% x[d bear ing 

cel ls and this was not  s ig n i f ic an t ly  d i f ferent  f r o m  the a m o u n t  at 6 week s of  age 

(mean, 19%). In the adul t  th is  fell to v i r tua l ly  zero. Popula t ion III was 

in terest ing in tha t  it was p resent  in re la t ive ly  larger  p r o p o r t io n s  co m p a re d  to 

the o ther  s u bp o p u la t i o n s  in 2 w e e k  old mice.  The PG K-^1  va lue fo r  this 

populat ion  at 2 weeks  did not  d i f fer  s ign i f i can t ly  f r o m  the n o n - B  cel ls In mice 

39 and 40, ind icat ing  th a t  it was  unaf fec ted  by the m u ta t io n  at th is stage. By 6 

weeks of  age the p ro p o r t io n  of  x id -b e a r in g  cel ls in Popula t ion  III fell, which 

sugges ts  tha t  th e y  w ere  being se lected against  in f a v o u r  of  cel ls carry ing  the 

normal  allele. Clearly,  m ore  animals  wi l l  need to  be analysed before any 

def in i te  c onc lus io ns  can be d raw n  about  the t i m i n g  of  x id - r e la te d  ef fects  on 

these su bpopu lat ions.



D iscussio n .

The im m u n o lo g ic a l  de fec t  of  CBA/N mice has been s h o w n  to  invo lve an 

in tr ins ic a b n o rm a l i t y  o f  B l y m p h o c y te s  a n d / o r  th e i r  p r o g e n i to rs  ra ther  than a 

m ic r o e n v i r o n m e n ta l  de fe c t  (Scher et al . 1975; Vol f  et a 1,1978; Nahm et aj, 1983). 

In this repor t ,  B l y m p h o c y t e s  f r o m  d i f feren t  t issues  and B l y m p h o c y te  

s u b p op u la t i ons  f r o m  x id /+ mice have been analysed and c o m p a r e d  to n o n -B  

cell popula t ions .  As the marke r  s ys te m  used here was  quan t i ta t i ve  (Ansel l  & 

Mick lem, 1986), it was poss ib le  to d e te c t  d i f fe ren t  deg rees  of  im ba lanc es  in B 

cell  populat ions.  The ef fect  o f  the x[d m u ta t i o n  on d i f f e ren t  s tages of B 

ly m p h o c y te  d e v e lo p m e n t  in the adul t  bone m a r r o w  and dur ing o n t o g e n y  could 

the re fo re  be assessed.

The e ry th ro c y te  l ineage is not  d i rect ly  a f fected by the xid m u ta t io n :  the mean 

PGK-1 pheno ty p e  of  red b lood cel ls f r o m  a large n u m b e r  of  x id /+  mice  was not  

s ign i f i can t ly  d i f fe ren t  f r o m  +/+ mice.  There was  a large and s im i l a r  var iat ion 

be tw een ind iv idual  mice in the t w o  groups,  but  the mean  probab i l i t y  o f  

express ion of  the P g k - 1 a-  X c h r o m o s o m e  was 70%. This va lue ref lects  the 

n o n ra n d o m  nature of  the X - in a c t i v a t io n  process,  w h ic h  is in f luen ce d by var ious 

genet i c  and parental  fac tors .  There was  no de tec tab le  d i f ference  in these 

fac to rs  be tw een  the x id /+  and +/+ mice.

As the e ry th ro c y te s  were  una f fecte d by the xid muta t ion ,  it was reasonable  to 

use the PGK-1 pheno ty p e  of  this popu la t ion  as the basel ine level o f  mosa ic is m  

f o r  an individual .  Any  imbalances  in o th e r  cell p o pu la t io ns  w e re  assessed by 

co m p a r in g  th e m  to  th is  basel ine level. T l y m p h o c y te s  w ere  not  d i rect ly  

a f fected by the xid mutat ion;  this agrees w i th  repor ts  th a t  T cel l  fu n c t i on  is 

norm al  in CBA/N mice (Scher  et al, 1975; Benca-Kap lan 8t Quintans,  1979; 

Janeway & Bar thold,  1975). Also,  in l e th a l l y—i r radiated m ice  r e c o n s t i t u te d  w i th  

a mix ture of  no rm al  and CBA/N bone mar row,  per iphera l  B l y m p h o c y t e s  were,  

in the long term,  repopulated by the no rm a l  m a r r o w  only,  w h e re a s  bo th  donors  

c o n t r ib u te d  to  the T cel l  l ineage (Sprent  8t Bruce, 1984b; W i tk o w s k i  et al , 1985). 

Granulocy te s as wel l  as n o n - h a e m a t o p o i e t i c  cel ls were  appa ren t ly  unaf fec ted  

by the xid muta t ion.

B cel ls isolated f r o m  the per ipheral  ly m ph  node and spleen of  x id /+  m ice were
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v i r tua l ly  devoid  o f  x id - b e a r in g  cel ls c o n f i r m in g  the v ie w  tha t  the xid de fe c t  has 

a d i rect  e f fect  on the B - l y m p h o c y t e  l ineage.

Adu l t  CBA/N mice are de f ic ie n t  in a s u bp o p u la t i o n  of  B l y m p h o c y t e s  th a t  has 

been des igna ted  'Populat ion I' ( L y b - 5 +, high IgD and lo w  IgM) (Hardy et al, 

1982). Other  sp lenic B l y m p h o c y t e  subpop u la t ions ,  Popula t io ns  II (Lyb 5", high 

IgD and high IgM) and III ( L y b - 5 ” , low  IgD and high IgM) are p res en t  in CBA/N 

mice  in com parab le  n u m b e rs  to  norm al  m ice  so they  can o b v io u s ly  develop in 

the presence of  the xid m u ta t io n  (Hardy et al, 1982). However ,  o u r  resul ts  

s h o w  th a t  x id -b e a r in g  cel ls in Popula t ions  II and III, l ike Populat ion I, are 

se lected against in the pr esence  of  no rm al  cel ls s u g g es t i n g  th a t  they  are also 

af fected.  This explains w h y  the imba lance  in s I g+ B cel ls f r o m  the spleen in m y  

expe r im en ts  and th ose  of  Nahm et a I (1983) is g rea te r  than exp ec ted if only  

Populat ion I cel ls w e re  defect ive.  Ono et al (1983) have s h o w n  th a t  no rm al  

adul t  L y b - 5 ”  and CBA/N L y b - 5 ” B cel ls d i f fe r  in th e i r  re s ponse  to 

p h e n o l - e x t ra c te d  l ipopo lysac cha r ide .  This agrees w i th  the su g g e s t io n  tha t  

CBA/N B cel ls are a un ique popula t ion ,  not  repres en ted in no rm a l  m ice  (Sprent  

S i Bruce, 1984b; Spren t  et al, 1985).

The ef fects  of  the x|d m u ta t io n  on sp lenic B l y m p h o c y t e  su b p o p u la t io n s  of 

y o un g  mice (2-6 w eek  old) d i f fered f r o m  those  of  adul t  mice;  the m u ta t io n  had 

no apparent  e f fect  on p opu la t i on  III in 2 w e e k  old spleens.  This could  be 

in terpre ted  as mea ning  th a t  xjd acts dur ing  the m a tu ra t io n  of  p opu la t i on  III. In 

2 w e e k - o ld  mice this popu la t i on  could  cons is ts  of  cel ls at a s tage pr io r  to the 

"b lock"  in the d i f fer ent ia t ion pathway,  wh i le  in the adul t  p os t  "b lo ck "  cel ls 

predom ina te.  This sch e m e is in a g re e m e n t  w i th  Ono et al (1983) w h o  

sugges te d  the ex is tence of  at least t w o  L y b - 5 "  su bpopu la t i ons ;  the xid 

m u ta t i o n  b locking the d i f fe ren t ia t io n  of  Lyb -5~ i  B cel ls in to  L y b - 5 " 2 B cel ls. 

Populat ion I ( L y b -5 +) is t h o u g h t  to represent  a d i f fe ren t  l ineage to  Popula t ions  

II and III, but  it is unc lear  h o w  Popu la t ions  II and III are re lated to  one another.  

We have found a s l ight  d i f ference in the ef fect  of  the xid m u ta t io n  be tw e en  

these  t w o  cell popu la t io ns in 2 w e e k - o l d  mice but  this does no t  necessar i ly  

re f lec t  a l ineage di f ference.

Kincade et al (1982) have s h ow n  tha t  B cel l  precurso rs  (14.8+slg~ and c p +slg~) 

appear in normal  n um bers  in the m a r r o w  of  adul t  CBA/N mice sug g e s t in g  th a t
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the xid m u ta t io n  b locks  B l y m p h o c y t e  d e v e l o p m e n t  at a later  stage. This is 

c o n f i rm e d  by unpub l i sh e d  resul ts  f ro m  ou r  la b o ra to ry  s u g ge s t in g  tha t  CBA/N 

bone m a r r o w  c o n ta ins  a no rm a l  n u m b e r  of  14.8—dul l  cel ls. However ,  the fact  

th a t  they  are p resent  does no t  prove  tha t  they  are to ta l l y  una f fec ted by the xid 

m u ta t io n  (as PGK-1 analyses of sp len ic  s u b p o p u la t io n s  have shown) .  Data 

presented  in th is s tu d y  s h o w  th a t  p re -B  cel ls (14.8 dull , s lg")  ca r ry ing the xid 

m u ta t i o n  are no t  se lected against  in x id /+  bone m ar row ,  ind icat ing  th a t  they 

are unaf fected.  This is in a g re e m e n t  w i t h  Reid & O s m o n d  (1985) w h o  repor t  

th a t  p re -B  cell pro l i fe ra t i o n  and smal l  l y m p h o c y t e  p ro d u c t io n  pro ceed  at a

s imi lar  rate in the bone m a r r o w  of  CBA/N and no rm a l  mice.

Paige and his co l leag ues (1979, 1981) fo u n d  th a t  s lg +- d e p le t e d  adul t  bone

m a r r o w  could  regenera te  the B cell c o m p a r t m e n t  o f  un i r rad ia ted CBA/N mice 

and sugges te d  th a t  CBA/N m ice  were  de f ic ien t  in at least  a s u bpop u la t i on  of  

p re -B  cells. The ra t io na le  behind this con c lu s io n  c o m e s  f r o m  the, perhaps over  

s impl i f ied,  v ie w  th a t  it is on ly  poss ib le  to  e ngra f t  un i r rad ia ted mice w i th  cell 

typ es  th a t  are de f i c ie n t  in the rec ip ien t  (Paige et al, 1979). Foetal  l iver cel ls 

w e re  m ore  ef f i c ie n t  than bone m a r r o w  in gr a f t i ng  un i r rad ia ted CBA/N mice

w h ic h  m ay  s u g g es t  th a t  the p re -B  cel ls a f fected by xid are prevalen t  in foetal  

l iver  and only  rep resen t  a subset  o f  the p re -B  cel ls of  the adul t  m ar row .  This 

w ou ld  ind icate tha t  B l y m p h o c y t e  sub p o p u la t io n s  d i verge at an ear ly stage. In 

th is  repor t  the imba la nce  in the PGK-1 p h en o ty pe  of  the to ta l  p re -B  cell 

popu la t ion  m ig h t  be to o  smal l  to be det ect ed  if on ly  a smal l  subpopulat ion 

were  af fected.  It w o u ld  be in te res t ing  to  analyse the PGK-1 phen o typ e  of 

p re -B  cel ls of  x id /+  foeta l  l iver  to  see if any imba lance is de tec ted  there.

An a l ternat ive exp lana t ion  fo r  the h ighe r  e f f ic ienc y  of  e n g r a f t m e n t  w i t h  foetal  

l iver  cel ls could  be th e  fac t  th a t  these cel ls have an increased abi l i ty  to 

pro l i fe rate  and s e l f - r e n e w  (Mick lem et al, 1972) at least  in CBA mice.  Quans 

and his co l le ag ue s (1981) d e m o n s t ra te d  th a t  the e n g r a f tm e n t  o f  the B l ineage 

o f  CBA/N mice  w i t h  foeta l  l iver  cel ls was grea t l y  a f fected by the n um b e r  of  

cel ls t ran s fe r red  and was increased by a lo w  dose of  i r radiat ion.  This 

sug ge s te d  tha t  it was not  s im p ly  a ques t io n of  rapidly f i l l ing a de fec t ive cell 

c o m p a r tm e n t .  The autho rs  s ug g e s t  tha t  the d o n o r  cel ls have to  w a i t  f o r  the 

appropr ia te  m i c r o e n v i r o n m e n t  w h ic h  the hos t  cel ls sti l l  o c c u p y  even th ough  

t h e y  are ar rested at s o m e  stage in th e i r  matu ra t ion.  Trans plan te d po pu la t ions
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m u s t  c o m p e t e  to estab l ish th e m s e lv e s  in th ese  spaces before th e y  can 

d i f ferent iate.

There was a c o n s is te n t  im ba la nce  in the s lg +(14-.8—br ight )  cel l  popu la t ion  in the 

bone m a r r o w  of  adul t  x id /+  m ice  ind icat ing  th a t  s o m e  of  these  cel ls were  

af fected by xid. The af fec ted cel ls could  rep resen t  (a) the m o s t  m a tu re  bone 

m a r r o w  B cel ls o f  s ing le  or  m u l t ip le  l ineages or  (b) the de s c en d an ts  o f  a pr e -B  

cell s u bpop u la t i on  (Paige et al, 1979) tha t  even tua l ly  g ives rise to the per iphera l  

l ym pho id  B cells. The high rate o f  B ly m p h o c y t e  p ro d u c t io n  in the r o de n t  bone 

m a r r o w  (suf f ic ient  to rep len ish the per iphera l  pool  in on ly  4 days (Opste l ten & 

Osm ond,  1983; Bazin et al, 1985)) and the appar en t  lo n g e v i t y  of  B cel ls w i th in  

se co ndary  ly m p h o id  o rgans  (Kumararatne & MacLennan, 1981; Spren t  & Basten, 

1973) impl ies  th a t  on ly  a smal l  p r o p o r t i o n  of  B cel ls p ro d u c e d  in the adul t  bone 

m a r r o w  b e c o m e  par t o f  the m a tu re  l y m p h o c y te  pool  (Kum araratne  et al, 1985). 

A p ropor t io n  of  B cel ls p ro duced  in the bone m a r r o w  (and po ss ib ly  una f fected  

by x id ) may then be rapid ly e l iminated.

The xid m u ta t io n  may, the re fo re ,  act  on a s u b p op u la t i o n  of  B cel ls as they  

matu re  w i th in  the mar row.  A l te rnat i ve ly ,  it is poss ib le  tha t  the m u ta t io n  acts 

a f ter  the cel ls have m ov ed  to  the pe r iphery  and the imba lanc e seen in the bone 

m a r r o w  s lg + popula t ion m ay  rep resen t  rec i rcu la t ing  B cel ls. The imbalance 

becom es  grea te r  as the m ice  mature,  poss ib ly  re f lec t ing the increased nu m b e r  

o f  rec i rcu la t ing  cel ls in the bone mar row.

A nu m b er  of repor ts  tha t  have ind icated th a t  cer ta in i m m u n e  defec ts  o f  CBA/N 

mice im pro v e  w i th  advanced age ( > 1 2  m onths )  (Rosenberg,  1979; Fidler et al, 

1980; Scher,  1982 (review)).  Fidler et al (1980) fo und  th a t  1 2 -14  m o n t h  old 

CBA/N s p le nocy te s  gave a pos i t ive  respo nse to  TNP-Fico l l .  We fo und  no 

ev idence in f a v o u r  of  th is  v iew,  but  it is poss ib le  tha t  the re la t ive n u m b e r  of 

cel ls invo lved in the u n s t im u la te d  animal  could  be smal l ,  b eyond  the l imi ts  of  

detect ion.  There is, how ever ,  a substant ia l  a m o u n t  o f  co n fu s io n  in the 

l i terature on th is  issue (Nar iuchi  & Kakiuchi, 1981; Scher,  1982 (review)).

Eldr idge et al (1984) ident i f ied a s ubpop u la t i on  of  ma tu re  l y m p h o c y t e  in Peyers 

patches (PP) of  CBA/N mice tha t  expressed the sur face m arke rs  L y b -5  and low 

IgM ( therefore com para b le  to  Populat ion I) and could  respon d to  TNP- f ico l l .
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The t rans fe r  o f  CBA/N PP B cel ls into CBA/N rec ip ients  resul ted in the abi l i ty  of  

these  adop t iv e hosts  to p ro d uc e  sp len ic  PFC against  th is  ant igen. This 

suggeste d tha t  a B cell popu la t ion  w i th  the sur face p h e n o ty p e  and func t io na l  

pro pe r t ies  o f  Populat ion I can d eve lop  in CBA/N mice,  but  th e y  appear  to be 

rest r ic ted to  Peyers patches.  It w o u ld  be in te res t in g  to examine  the PGK-1 

ph en o ty p e  of the se  cel ls in ou r  x id /+  animals.  It is poss ib le  tha t  mobi l izat ion  

of  these  Peyers patch cel ls inc reases w i th  age, p rov id in g  an exp lanat ion fo r  

th e i r  appearance in the spleen of  s o m e  old mice  (Fidler et al , 1980).

The ef fect  o f  the x[d m u ta t io n  on B l y m p h o c y te  d e v e lo p m e n t  is th e re fo re  not  

as c le a r - c u t  as was  or ig ina l ly  sug gested.  Di f fe rent  subpop u la t ions ,  poss ib ly  

repres en t in g separate  l ineages,  are o b v io u s ly  a f fec ted  by the m u ta t i on  to 

d i f fe rent  extents.  The m u ta t io n  m ay  act  at d i f fe ren t  s tages of  m a tu ra t io n  in the 

d i f feren t  l ineages.

In the m ous e a gene fami ly,  XLR (X- l in ked  l y m p h o c y t e - r e g u l a t e d )  has recent ly  

been ident i f ied (Cohen et al, 1985a) and there is ev idence to  s u g g e s t  th a t  the 

xid defect  occu rs  w i th in  a m e m b e r  of  this gene fa m i l y  (Cohen et al, 1985b). 

Studies using a cDNA c lone s h o w e d  th a t  p la s m a c y to m a s  f r o m  norm a l  mice 

expressed XLR-RNA, but  p la s m a c y to m a s  car ry ing the xid m u ta t io n  did not. The 

resul ts  of  s tud ies on t u m o u r s  of d i f f e ren t  s tages of  B l y m p h o c y t e  d e v e lo p m e n t  

f r o m  norm al  mice s u g ge s t  a t im in g  of  xid gene p r o d u c t  exp ress ion  that  is 

c o n s is te n t  w i th  the resul ts  repor ted.  XLR RNA was de tec ted  in p re s e c re to ry -B  

cell  t u m o u r s  car ry ing  slgD but  no t  in p re -B  cel l  t u m o u r s  (cu+,slg~) nor  tu m o u r s  

of  im m a tu re  B cel ls such as th ose  fo u n d  in neonata l  m ice  (Cohen et al, 1985b). 

These could  p oss ib ly  be ana logou s to  Populat ion III o f  2 w e e k  old mice.

Funct ional  genes mapp in g  to  the X c h r o m o s o m e  in one m a m m a l  are of ten 

fou nd  on the X c h r o m o s o m e  In all o th e r  m a m m a ls  (Ohno, 1969). This w ou ld  

sugges t  that  the rela t ive ly large n u m b e r  o f hum an  im m u n o d e f i c ie n c ie s  re f lects  

m u ta t i o n s  w i th in  the XLR gene fa m i l y  (Darl ing & Good fe l l ow ,  1985). Bruton's 

X - l i nk ed  a ga m m ag lo b u l i na e m ia  (XLA) disease s h o w s  s imi lar i t i es  to  the x[d 

de fec t  in the mouse.  The d iso rde r  appears  to  resul t  in a fa i lure  o f  p re -B  cel ls 

to  d i f fe rent ia te  into B cel ls; p r e - B  cel ls are p res en t  in no rm al  n u m b e rs  in the 

bone m a r r o w  o f  XLA pat ients (Pearl, 1978) but  ma tu re  B cel ls are not  found  in 

the per iphera l  c i rcu la t ion or  ly m ph  nodes  (Vogler  et al, 1976). Fur ther  s tudies
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using mur ine  X - l i n k e d  im m u n o d e f i c ie n c ie s  may help in th e  u n d e rs ta n d in g  of 

analog ous human  d isorders.

S u m m a r y .

I have used m ice  w h ic h  w e re  h e te ro z y g o u s  at the xid and Pgk-1 loci to 

examine the ef fects  of  the xjd m u ta t io n  on p re -B  cel ls and B ly m p h o c y t e  

subpopu lat ions.  The m u ta t io n  has no apparent  a f fect  on p r e - B  cel ls (14.8 dull) 

in the bone m ar ro w .  Ig+ B cel ls o f  the bone m a r r o w  are una f fec te d  in y o un g  

mice but b e c o m e p ro g re ss iv e ly  m o re  defec t ive  as the m ice  mature.  All sp lenic 

B ly m p h o c y te  s u bp o p u la t i on s  are af fec ted  by the xid m u ta t io n  in adul t  mice. 

However ,  in y o u n g  mice (2 w e e ks  old), the m u ta t io n  has d i f ferent ia l  e f fects  on 

the B ly m p h o c y te  s u bpopu la t i on ;  at 2 week s  of age Popula t ion III ( lo w  IgD, high 

IgM) is apparen t ly  unaf fected.
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CHAPTER 7.

AN ANIMAL MODEL FOR HUMAN CHRONIC LYMPHOCYTIC LEUKAEMIA ? 

I n t r oduc t io n

Human leukaemias can be c lassi f ied accord ing  to  th e i r  apparen t  ce l lu lar  origins 

by v i r tue  of  th e i r  cell sur face markers  and in t racel lu lar  en zy m es (see Foon et al, 

1982 fo r  review) . In addi t ion to  the t rad i t iona l  cell sur face markers  such as 

sur face m e m b ra n e  i m m u n o g lo b u l in  (mlg)  and rece p to rs  fo r  sheep erythrocytes 

th a t  def ine B and T l y m p h oc y te s ,  h igh ly  spec i f ic  m o n o c lo n a l  ant ibod ies  that 

d i s t i ngu is h  sur face m e m b r a n e  ant igen s  have been used to  estab l ish their 

spec i f ic  pheno type.  Such c lass i f icat ion may be im p o r t a n t  f o r  both  diagnosis 

and the d i re ct ion of  t rea tm en t .

Human ch ro n ic  l y m p h o c y t i c  leukaemia (CLL) is genera l ly  a disease of  mid-o ld  

age; the average age fo r  d iagno sis  is 55 years w i th  a range of  4 5 - 7 5  years 

(Catovsky et al, 1979). It is a c l in ica l ly he te ro g e n e ou s  disease ranging from a 

re la t ive ly  benign,  n o n - p r o g re s s s iv e  fo rm  to an aggress ive type w i t h  severe 

c l inical  consequ en ces .

Unt i l  recent ly,  the d iagnosis  o f  the m ajor  categor ie s  o f  CLL was relatively 

s t r a ig h t fo rw ard .  The m a jo r i t y  of  CLLs represent  m o n oc lo n a l  pro l i ferat ion of mlg 

pos i t ive  B ly m p h o c y te s  and are thus  co ns idered to  be a neoplast ic  expansion of 

the B cel l  sy s te m  (Jaffe, 1980). The mlg is m o s t  o f ten mu or  delta heavy chain 

(Fu et al , 1975; A isen be rg  et al, 1980) and the dens i ty  o f  Ig mo le cu le s  on the 

m e m b r a n e  is very  lo w  w i t h  a un i fo rm  d is t r ibut io n (Slease et al, 1979). B-CLL 

cel ls  usual ly  have C'3 and Fc recep to rs  and the B1, BA-1 and la an t igens  (Foon 

et al, 1982).

P r o ly m p h o c y t i c  leukaemia (PLL) is probabl y  a var iant  o f  CLL. Pat ients w i th  PLL 

genera l ly  have ex t remely  high b last  coun ts  and sp lenomegaly ,  but  lack 

s ig n i f ican t  ly m phade nopa thy.  PLL cel ls appear  m o rp h o lo g ic a l l y  i m m a tu r e  with a 

f ine lacy nuc lear  c h ro m at in  and 1-2 nucleol i ;  th ey  may  conta in  cytoplasmic  

granules. These cel ls genera l ly  have a h igher  dens i ty  o f  mlg than CLL cel ls and 

express la and B1 ant igens (Koziner et al, 1980).
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A p p rox im a te ly  5% of  cases of  CLL and PLL resul t  f r o m  m a l ig n a n t  pro l i ferat ion 

of  T cel ls ra ther  than B cells. These cel ls react  w i th  T ant isera and an t i -T  

m on o c lo n a l  ant ibod ies  and fo r m  ros et tes  w i t h  sheep e ry th ro cy te s ;  they  lack 

mlg (Brouet  et al, 1975; Catovsky  et al, 1973).

The c lass i f icat ion of  CLLs has, however ,  b e c o m e  b lur red by repor ts  on the 

abi l i ty  of  B-CLL and B-PLL cel ls to  react w i t h  T cell ant isera (Foon et al, 1980) 

and a n t i -T  m o n o c lo n a l  ant ibod ies  (Foon et al , 1982 (review)).  It was considered 

th a t  the am b igui t i es  su r ro u nd in g  the prec ise cel lu lar  or ig ins  of the disease 

m ig h t  also be re f lected in its cl inical  hete roge ne i ty .  Smi th  et al , (1985) 

examined the surface g ly c o p ro te in s  of  l y m p h o c y te s  iso lated f r o m  pat ients 

suf fer ing f r o m  B-CLL. A b n o rm a l i t i e s  found  in the express ion of  po lyp ep t id es  of 

the l e u k o c y t e - c o m m o n  (L-C) ant igen were  examined. They found  tha t  this 

g roup  of  po ly pep t ides  could,  w i th in  a panel of  B-CLL pat ients,  range f rom a 

typ ica l  B cell pat tern to  a pat tern re sem b l i ng  tha t  no rm a l ly  fo und  in T cells. A 

T ly m p h o c y te  pat tern  was  assoc iated w i th  a p oo r  prognosis .  It was  unclear 

w h e t h e r  the h e t e ro ge ne i t y  of  the L-C prof i les represented a p rog re s s io n  of the 

disease w i t h in  an indiv idual  or  was a co n se q u e n ce  of  a de fec t iv e d i f ferent ia t ion

of  the B cel ls -  var ia t ions betwee n pat ients resul t ing f r o m  d i f fe renc es in the

precise po in t  of  m a tu ra t iona l  arrest.  The ob se rvat io n tha t  ,in one pat ient  a

change  in the g ly c op ro te in  prof i le to w a r d s  tha t  o f  the T cell co in c id e d  wi th a

c l inical  deter iorat i on,  tended  to  fa v o u r  the f o r m e r  explanat ion.

An animal  model  fo r  CLL w o u ld  be useful  in the s tu dy  of  the disease and in its 

t reat m ent .  M os t  spo n ta n e o u s  ly m p h o m a s  and leukaemias in mice

p r e do m in a n t ly  express T ly m p h o c y te  markers  (Schevach, S tobo  8< Green, 1972): 

an ob v ious  example is the AKR m ouse  strain (McGrath et al, 1980). B 

ly m p h o c y te  leukaemias have been p roduced  exp er im enta l ly  using the  Abelson 

v i rus  (Abelstein 8< Rabstein, 1970), Rauscher  v irus  (Schevach, S tobo  &  Green, 

1972) and using the carc inogen ,  d i m e th y l - b e n z a n th r a c e n e  (DMBA) (Haran-Ghera 

8( Peled, 1973; Bergman 8< Haimovich,  1977). Cell l ines g r o w n  f r o m  such

expe r im en ta l ly  induced tu m o u r s  have been im p o r ta n t  in the b iochemical  

analys is  o f  i m m u n o g lo b u l in s  and o ther  co m p le x  molecules.  These tum ours,  

however ,  are not  necessar i ly  good  m ode ls  f o r  human leukaemias of  unknown

et io logy.  Leukaemias w i th  a B ly m p h o c y te s  pheno type  have been repor ted to

o c c u r  sp on ta n e o u s ly  in guinea pigs (Congdon 8< Lorenz, 1954) and m ic e  (Slavin
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& Strober , 1978) p roduc in g  the L2C and B C l - 1  cel l  l ines respect ive ly .  These

lines have been main ta ined in v i t ro  and by t r a n s p la n ta t io n  and have been

th o u g h t  o f  as analogues to  human  CLL. However ,  care m u s t  be taken when 

in te rp re t ing resul ts  of  t ra nsp lan te d  t u m o u r s  and t u m o u r  cel ls in v i t ro  as they 

of ten have d i f fe rent  pr oper t ies  to  the pr im ary  t um o u r .  B and T ly m p h o m a s  may 

be co m e  p rog ress iv e ly  m ore acute as they  are passaged (Denton & Symes, 

1968) and the abi l i ty  to g r o w  t u m o u r  cell l ines in v i t ro  increases as the cells 

are passaged in v ivo (Dexter  & Al len, 1983). This sug g e s ts  tha t  passaging

unco up les  the pr im ary  t u m o u r  f r o m  s o m e  g r o w t h  rest raint .  The regular

oc cu rence  of  a s p on ta n eous  B cell leukaemia in a la bo ra to ry  animal  m ig h t  wel l  

prov ide a be t t e r  model  fo r  the human disease.

This chapte r  descr ibes the appearance of  an abn orm a l  cel l  popula t io n in old 

CBA/Ca exper imenta l  mice and in no rm a l  old ( > 2  years) mice of  the same 

strain. A p re l im inary  charac te r i sa t ion  of  th is  cel l  popu la t ion  has been carried 

ou t  and its poss ib le  re la t ionsh ip  w i th  hum an  B-CLL d iscussed.

Mater ials and M e t h o d s .

1. M ic e . C 8 A / C a - P g k - 1 a mice received f ive dai ly in t rave no us  in ject ions of 

CBA/Ca (PGK-1B) bone m a r r o w  cells; 8x107 nuc leated cel ls we re  injected on 

the f i rs t  day and 5x107 on each of  the fo l l o w in g  4 days. No i r radia t ion o r  o ther  

pr ior  co n d i t io n in g  was g iven to  the r e c i p i e n t s .  Both hos t  and d o n o r  mice 

were  3 - 5  m o n th s  of  age. These mice  were  bled m o n t h ly  and the PGK-1 

ph eno ty pe  of the  e ry th rocy te s  were analysed. All m ice  sh o w e d  the cont inu ing 

presence of  a pprox im ate ly  4 0 - 5 0 %  d o n o r  cells.

2. FACS analyses and s o r t i n g . Nucleated per iphera l  b lood cel ls we re  stained 

w i th  a f l uo resce in - l abe l l ed  an t iserum  to  m ouse  i m m u n o g lo b u l in  heavy and l ight 

chains (FITC-RAMIg)  and sor ted as descr ibed in Chapte r  4.

In the analyses of cell sur face ant igen express ion,  the n u m b e r  o f  viable, 

nucleated cel ls were  coun ted using AO/EB f luid (Appendix  1) and made to a 

c oncen tr a t ion  of  107 per  ml. 2x 105 cel ls (20ul) were s tained w i t h  the 

appropr ia te  v o lu m e  of reagents w h ic h  w e re  d i rect l y  label led w i th  f l u o ro c h ro m e s
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(0.5 u I FITC-RAMIg, 1.25jul f l u o re s c e in - la b e l le d  g oa t  a n t i - m o u s e  IgD 

(FITC-GAMIgD) (Noric),  10^1 Texas Red- labe l led go a t  a n t i - m o u s e  IgM (TR 

GAMIgM) (E-Y Labs.)- Sta in ing was p e r fo rm e d  in 50jul RPMI-BSA in a m ic ro t i t re  

plate (96 well). Cel ls w e re  w a she d  in 4 d rops of  RPMI-BSA ( three t im es)  then 

resuspended in 100jul fo r  analysis.  50yuI o f  m o n o c lo n a l  rat a n t i - m o u s e - L y  1 (53 

7.2 supernatant )  was  incub ated w i t h  2x 105 cel ls f o r  40 min., washed,  then 

incubated w i th  2^ul FITC label led goa t  a n t i - r a t  Ig (FITC-GARIg)  f o r  ano th e r  40 

mins. The cel ls w e re  w as he d  again and resu spen ded  in 100ul f o r  analysis.  In 

the t w o - c o l o u r  FACS analyses all cel ls, ex cep t  ly m p ho c y te s ,  w e re  gated out  on 

the basis of  f o r w a r d  and r i g h t - a n g l e  l ight  scatter .

PGK-1 analysis was p e r fo rm e d  as descr ibed  in Chapter  2. All sa m p les  w e re  run 

tw ic e  on the 14C system.

3. Serum prote in  an a ly s is .

Serum c o l le c t io n . 10 dro ps  of  b lood w ere  co l lec ted in a 1.5ml Sars tedt  tube 

and left  fo r  2 hours  at 4°C before cen t r i fuga t ion  at 250g fo r  10 mins.  The 

supe rnatant  serum was rem oved ,  a l iquo ted  (50jul) and s to red at -2 0 ° C  unti l  

analysed.

Serum prote in ge ls . Serum p rote ins  were  separated e le c t ro p h o re t i c a l l y  using 

Ti tan III ce l lu lose acetate  m e m b ra n e s  (Helena Labs.) at pH 8.2 in 0.05M sodium  

barbi tal  (veronal  buffer).  The m e m b r a n e  was  soaked fo r  20 mins. in th is  buffer,  

b lo t ted then se rum samples  c on ta in ing  0.05% b r o m o p h e n o l  blue (BPB) were 

loaded at the cathoda l  end of  the m em br anes .  E lec t rophores is  was pe r f o rm ed  

at a c o n s ta n t  vo l tage  of  200 vo l t s  ( ini t ial ly  5 m A / m e m b r a n e )  fo r  40 m ins at 4°C. 

M embr an es  we re  s tained fo r  5 mins.  in Napthalene black, b lo t t ed  then 

destained fo r  20 mins.  in a so lu t ion of  10% acet ic  acid and 24% alcohol .  A f te r  

clear ing in 29% acet ic acid, 67% m ethano l  and 4% Clearaid (Helena Labs) fo r  5 

mins the m e m bra n e s  w e re  dr ied at 37°C.
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4. Im m u n o electro p h o res is

Agar  gels w e re  made  by coa t in g  glass sl ides w i t h  1.2% Noble agar  in Veronal  

buf fer  (0.05M sod iu m  barbital).  A t r o u g h  and wel ls  w e re  cut  out  as ind icated 

b e lo w  af ter  agar  had set.

Test  serum  was placed in one we l l  and co n t r o l  se rum  in the other.  

E lec t ro phores is  was p e r fo rm e d  at 250 vo l ts  f o r  80 mins.  at ro o m  te m p e ra tu re  in 

veronal  buffer.  The t ro u g h  was then f i l led w i th  the a ppropr ia te  an t i se ru m  and 

incubated ov e rn ig h t  in a cold (4°C), hum id  chamber .  The gels were  washed  in 

veronal  sal ine (0.25M NaCI, 0.02M s od iu m  barbi tal )  f o r  24 hours,  chang in g the 

veronal  sal ine 3 or  4 t im e s  dur ing th is  t ime .  Gels w e re  soaked in dist i l led 

w a te r  fo r  5 mins,  covered w i th  da m p f i l ter  paper  and dr ied at 37°C overn igh t .  

Gels were  s tained in Napthalene black fo r  5 mins  and des ta ined fo r  20 mins. 

Im m u n o g lo b u l in  prec ip i t in  arcs w e re  v i ew e d  using a l ight  box.



Results.

1. Or iginal  o b s e r v a t io n .

FACS analysis of  FITC-RAMIg s ta ined per iphera l  b lood  cel ls f r o m  six 

exper imenta l  an imals  revealed an unusual  s ta in ing prof i le.  These C B A / C a - Pgk- 

I 3 mice had been g iven a to ta l  of  2.8 x 108 CBA/Ca (PGK-1B) bone m a r r o w  

cel ls w i t h o u t  pr ior  i r rad ia t ion 14 m o n th s  prev ious ly  and the d o n o r  c o n t r ib u t io n  

to  the e ry th ro cy te  l ineage had been m o n i to re d  m o n t h l y  by PGK-1 analysis.

Figure 7:1(A) sho w s  a typ ica l  FACS d o t - p l o t  o f  per iphera l  leukocy te s  f ro m  a 

normal,  you ng  CBA/Ca m o u s e  s tained w i th  FITC-RAMIg;  an Ig+br ight  po pu la t ion  

is present,  t o g e t h e r  w i t h  a smal l  n u m b e r  ( < 5 % )  of  d u l l e r - s ta in in g  l g + cells. 

T w o  of  the exper imenta l  m ice  had a prof i le s im i la r  to tha t  o f  no rm a l  mice. 

However ,  in the o th e r  4 mice  there was a d i s t i nc t  cell popu la t ion  w h ic h  had a 

Ig+d u 11 pheno type  and a s l i gh t ly  h ig her  r ight  angle sc a t t e r  than normal  

l y m p h o c y te s  (Figures 7:1 (B) and 7:1 (C)). This cell po pu la t io n  f o r m e d  a var iable 

p r o p o r t i on  of  the to ta l  l y m p h o c y te s :  t w o  mice w ere  as Figure 7:1 (B) and t w o  

were  as Figure 7:1(C). These mice w e re  bled again at va r ious t im e  in tervals  

and the am o u n t  of  l g +dul l  cel ls present,  as a p r o p o r t io n  of  the to ta l  per iphera l  

w h i t e  b lood cell (wbc) popula t io n,  was recorded (Table 7:1). From each b lood 

sample,  the fo u r  d i f feren t  cel l  popu la t ions  ind icated in Figure 7:1(D) ( Ig- , 

granulocytes,  lg +dull  and lg +br ight )  were  sor ted and the PGK-1 p h e no ty p es  

were  analysed (Figure 7:2).

The resul ts show ed  tha t  the re  was a c o n s is te n t l y  larger  d o n o r  c o m p o n e n t  in 

the l g +dull popula t io n than in any o th e r  cell type  of  the per iphera l  blood.  There 

had been 8 mice (Br 1 -  Br8) in this g roup  or iginal ly.  Br6 sho w e d  no increase in 

lg+d u 11 cel ls before it died, Br 1 died before te st ing  and the o th e r  six are 

recorded be lo w  (see also Figure 7:2).

Br 2 . No lg +dull  cel ls w e re  d e te c ted  in the f i rs t  sample f r o m  th i s  m o u s e  but, 

f o u r  m o n th s  later  19% of  the to ta l  w h i te  b lood cel ls (wbc)  were  l g +dull. PGK-1 

analys is  showed  tha t  there  was  s l igh t l y  m ore  d o n o r  present  in th is  popu la t ion  

than  in others.  There was  no apparen t  change in the cel l  n u m b e r  o r  d o n o r  

co n t r ib u t i o n  in the next  fo u r  mon ths.
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FACS dot plots of FITC-RAMIg-stained peripheral white 

blood cells from 3 different mice. All three samples 

were stained and analysed on the same day (19.11.84; 

tee Table 7 1)

F i g u r e  M o u s e  Z Ig d u l l

Figure 7:1

A 8r2 <5Z

B Br4 Approx. 3 0 Z

C Br7 Approx. 5 0 Z

Figure 7:1(d 1

Diagrammatic representation of these FACS dot plots. 

Population 1 = Ig’ (T cells)

2 = Ig*dull

3 = Ig+bright (normal B cells)

4 = granulocytes

C  -  T
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Table 7:1

Number of Ig+dull cells present as a percentage of the total 
peripheral white blood cells of G mice. The PGK-1 phenotypes of 
different cell populations of these mice are shown in Figure 7:2

imple Date Br2 Br3 8r4 Br5 8r7

a 19.11.84 <5 7. 207 a p . 3 0 7 377 a p . 5 0 7
b 19. 12.84 N.D. N.D. a p .3 07 N.D. ap.507
c 18.2.85 N.D. N.D. N.D. 497 75 7
d 11.3.85 197 337 527 N.D. N.D.
e 8 . 7 . 85 177 N.D. N.D. N.D. N.D.

N.O. = not done 
ap. = approximately

Br8

N. D . 
177 
N . D . 
N.D. 
2 47
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Figure 7 : 2

I PGK-1B (donor) present in different 

isolated from 6 different mice. (a 

sampling d a t e .)

a = 19.11.84 

b = 19.12.84 

c = 18.2.85

d = 11.3.85

e = 8.7.85

See Table 7:1 for proportions of Ig+ 

at different sampling times.

Colour code: •---- •  Erythrocytes

A- A  Granulocytes

□  □  Ig” (T cells)

O  — O  Ig+bright (B

A ----- A  Ig+dull

cell populations 

- e refers to the

dull cells present

cells)
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% DONOR (PGK-IB)

Figure 7:2



Br 3. The p r o p o r t i o n  of  I g +d u 11 cel ls p resen t  In the per iphera l  b lood of  this 

mouse increased f r o m  20% to  30% of  the to ta l  w b c  in the fo u r  m o n th s  

between the f i rs t  and se cond  samples.  The d o n o r  c o n t r ib u t io n  to this 

popula t ion  was c o n s is te n t l y  h ig her  (70%) than to any of  the o th e r  cell types 

(30-40%).

Br 4 . In the f i rs t  sam ple the p ro p o r t io n  of  cel ls in the Ig+d u 11 po pu la t ion  was 

est imated f ro m  the FACS d o t  p lo ts  to be a p p ro x im a te ly  30%. This rose to 52% 

in the next f o u r  m on ths .  The d o n o r  co n t r ib u t io n  to  th is  cel l  po p u la t i on  rose 

f ro m  6 5 -7 5 %  du r ing  the te s t  per iod whereas  o th e r  cel l  ty pe s  remained 

cons tant  at abo u t  40%.

Br 5. 37% of the  to ta l  w b c  of  th is  m o u s e  w e re  l g +dull  at the f i r s t  sample and

this rose to 49% in the fo l l o w in g  three mon ths.  The d o n o r  c o n t r ib u t io n  was

8 5 -9 0 %  c om p a red  to  5 0 - 6 0 %  f o r  the o th e r  cel l  types.

Br 7 . There was a large p r o p o r t io n  (approx. 50%) of  l g +dull  cel ls p rese nt  in the 

f i rst  t w o  tests  of  th is  m o u s e  and this rose to 75% o ver  the next  fo u r  months.  

There was no detec tab le  hos t  pr esent  In the t u m o u r  cell popu la t ion.  At  this 

po in t  Br7 was d isse cted  and its spleen and bone m a r r o w  t ra nsp la n te d  (see 

later, Sect ions 2 and 3).

Br 8 . There was  a re la t ive ly  smal l  n u m b e r  o f  l g +dull  cel ls in the f i rs t  tes t

(15-20%).  This rose to 24% af ter  seven months .  The d o n o r  c o n t r i b u t io n  rose

f ro m  50 to  70% in th i s  populat ion.

The main c o n c lu s io n  draw n f r o m  the analyses of  these m ice was th a t  an 

abnormal l y  high p r o p o r t io n  of  a cel l  popula t io n tha t  carr ied a l o w  level of  

sur face i m m u n o g lo b u l in  appeared in the per iphera l  blood. These cel ls were 

der ived f ro m  d o n o r  bone m ar row .  A gradual  increase in the p ro p o r t io n  of  

lg+dull  cel ls was seen in s o m e  of  the mice o ve r  several  m on ths.  This increase 

was of ten paral lel led by an increase in the d o n o r  cell  c o n t r i b u t io n  w i t h in  the 

cell populat ion.

The appearance of  th is  cel l  popu la t io n was  e i ther  a resul t  o f  an increase in cell 

n um ber  or  a change  in the p r o po r t i o n  of  the d i f feren t  cell types.  Normal  mice
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have a smal l  p ro p o r t io n  ( < 5 % )  of these  cel ls in the per iphera l  blood.  A 

s l i g h t - m o d e r a t e  e levat ion of  c i rcu la t ing  w b c  nu m b ers  was  noted  in mice that  

had raised p ro p o r t io n s  of  l g +dul l  cel ls (Table 7:2).

2. Tissue d i s t r i b u t io n .

Spleen, lymph  node and bone m a r r o w  of  Br 7 were  s ta ined w i t h  FITC-RAMIg 

and analysed on the FACS (Table 7:3). The resul ts s h o w  tha t  the Ig+d u 11 cel ls 

w e re  present  in the bone m a r r o w  (22% of  the nuc leated  cel ls in the bone 

m a r r o w  of  Br 7 w e re  lg +dull  c o m p a re d  to  5% in con t r o ls )  and w ere  the 

p r e do m in a n t  popu la t ion  (93%) in an o b v io u s ly  en larged spleen. Only 8% of  the 

ly m ph  node cel ls o f  Br 7 were  l g + and the nodes were  no t  en larged;  this 

sugges ts  th a t  tha t  the I g +d u 11 cel ls did not  popula te  the ly m ph  no des in this 

mouse.

Figure 7:3 s h o w s  the resul ts o f  PGK-1 analyses of  un so r te d  bone m a r r o w  and 

spleen and Ig- , lg +dull, l g +br ig h t  and g ran u lo c y te s  isolated f r o m  th ese  organs.  

The resul ts  s ho w  c lear ly tha t  I g +d u 11 cel ls were  largely,  if no t  ent i rely,  

d o n o r -d e r i v e d .  The unsor te d  spleen cell preparat ion was used in the fo l l ow in g  

t ransp lan ta t ion exper iments .

3. T r a n s p la n ta t io n .

107 spleen cel ls ( p re do m in a n t ly  PGK-1B) f r o m  Br 7 were  in jected intra ve nous ly  

into 4 i rrad ia ted (2.0 Gy) C B A / C a - P g k - I 3 rec ip ients  (SP1,2,3 and 4). The 

per ipheral  b lood of  one of  the rec ip ients  (SP1) was tes ted  at var ious  in tervals 

fo r  the presence of  l g +dul l  cel ls (Table 7:4). The a l l oenzym e p he n o ty p e  of  the 

d i f fe rent  cell popu la t io ns  was also de te rm ined .  One m o n th  af ter  t r ansp la n ta t i on  

11% of  the w b c  of  the rec ip ient  w e re  lg +dul l  and whereas there  was  no d onor  

PGK-1 (ie. PGK-1 B) in the e ry th ro c y te s  or  norm al  B cel ls th e re  was 68% 

PGK-1B in the l g +dul l  popu lat ion.  Three m o n th s  later, 37% of the rec ip ient 's  

w b c  we re  lg +dull  and th is  popu la t ion  was 60% PGK-1B. By 8 m o n t h s  af ter  

t ransplan ta t ion  71% of  the per iphera l  w b c  were  lg +dul l  cel ls. This sho wed  

c lear ly  tha t  it was poss ib le  to  t ransp lan t  l g +dull  cel ls and tha t  t h e y  could 

pro l i ferate  in the recipient .  PGK-1 p h e no ty p es  and FACS prof i les  o f  the othe r  

rec ip ients  were  m o n i to r e d  and sh o w e d  s im i la r  results.
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Table 7:2

C o m p a n t i v e  cell counts from several "leukaemic" mice and a 
young CBA/Ca mouse.

Mouse Cellsyml* Factor of
( x 10 increase (f)

CBA/Ca 0.4 -
Br2 0 . 9 2 . 2
8r3 0 . 8 2 . 0
Br4 1.7 4 . 2
Br5 0 . 8 2.0
SP1 1 . 3 3 . 0
SP2 0.8 2 . 0

CBA/Ca 2.4 _
Br2 4.4 1.8
SP1 8.2 3.5

* Ten drops of blood were taken from each mouse and, after 
osmotic lysis, wbc were resuspended in 0.2ml. Cell counts of 
the "leukaemic” mice were compared to that of the control mouse 
for that particular experiment.

£j Factor of increase = Cell count for "leukaemic" mouse

Cell count for control
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Figure 7 : 3

PGK-1B (donor) present in different cell populations 

isolated from bone marrow and spleen of Mouse Br7.

See Table 7:3 for FACS analysis.

U = unsorted tissue

slg = non-B cells

slg+dull - "neoplastic" cells

s l g b r i g h t  = B cells

G = granulocytes
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Figure 7:3

dull brt. dull brt.
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Table 7 : 3

FACS analyses of tissues from mouse Br 7 and a normal young 
CBA/Ca mouse. Cell suspensions were stained with FITC-RAMIg.

Cell Type Br 7 Control (CBA/Ca)

Bone marrow Ig+dull 22 7. 5 7.
Ig bright 3 7. 127

Spleen Ig+dull 9 3 7. 5 7
Ig bright 2 7 47 7.

Lymph node Ig+dull 5 7. 5 7.
Ig+b n g h t 27 137

Table 7:4

Percentage of Ig+ cells present in the peripheral blood of 
mouse SP1 - a recipient of 10 spleen cells from Br 7 
(donor contribution as measured by PGK-1 analysis is shown in 
brackets).

Time after transplant 7 Ig+dull 7 Ig+bright
(months)

1 1 1 ( 687.) 12 ( 07.)
4 37 ( 607.) 5 ( 07.)
5 65 (N.D.) 3 (N.D. )
8 71 (N.D.) 3 (N.D. )

N.D. = not done
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4. M orp h o lo gy .

Spleen cells f ro m  m o use  Br7 w ere  

M a y -G ru n w a ld  and Giem sa (C hapter 2, 

o cca s iona l ly  tw o ,  d is t in c t  nu c leo l i  and 

co ns ide rab le  va r ia t io n  in size (Figure 7:4).

sm eared, fixed and s ta ined  w ith  

Section  5). The cells had one, or 

ba soph il ic  cy to p lasm . There  was a

5. O ccu rrence  in old CBA/Ca mice.

It seem ed im p o r ta n t  to  ascerta in  w h e th e r  the  p h e n o m e n o n  rep o rte d  in the 

g roup  o f  m ice  rep o rted  in S ec t ion  1 was a fea tu re  o f  norm al, old CBA/Ca m ice 

or was con fined  to  bone m a r ro w  tra n s p la n t  rec ip ien ts .  The a bno rm a l cells 

were  de tec ted  w h en  the  re c ip ie n t  m ice  and the  d o n o r  m a rro w  w e re  ab ou t 18 

m o n th s  old. H ow ever, it  was poss ib le  tha t  the cells  in bone m a rro w  tra n s p la n t  

itse lf  or the  cell loss incu rred  at the  m o n th ly  s am p ling  o f b lood  caused the 

neoplasia.

The periphera l b lood o f tw e lv e  2.5 year old CBA/Ca m ice was te s te d  fo r  the 

presence  o f lg +dull cells. The full resu lts  o f  the  FACS analyses o f FITC RAMIg 

sta ined periphera l b lood  f ro m  the se  m ice  are s h o w n  in Table 7:5 and the  FACS 

h is to g ra m s  o f 4 old m ice are co m p a re d  to  a y o u n g  CBA/Ca and a t ra nsp la n te d  

m o use  (SP3) in Figure 7:5. The pro f i les  o f th ree  old m ice (Nos. 6,7 & 8) w ere  

s im ila r  to  those  o f young  CBA/Ca mice; one peak o f  b r ig h t  lg + ce lls  was 

present. In f ive  o f the  old m ice  (Nos. 3,4,5,10 8< 12) I g +d u 11 cells w e re  p resent 

and represented  15-52%  o f  the  to ta l  wbc. Nos.2 and 11 had lg +dull p op u la t io n s  

w h ic h  accoun te d  fo r  5 4 -7 8 %  o f the  w b c  (cf. Br4); no lg +b r ig h t  ce lls  w ere  

de tec ted  in these  tw o  ind iv idua ls . One m ouse  (No. 1) had a ve ry  high 

pe rcen tag e  o f g ra n u lo c y te s  and m o n o c y te s  and to o  fe w  ly m p h o c y te s  fo r  

analys is  and m ouse  No.9 had a sm ear o f lg + cells bu t no obv ious  peaks cou ld  

be d iscerned. These resu lts  ind ica te  th a t  an lg +dull cell popu la t ion  is p resen t in 

som e old CBA/Ca mice.

6. C lona li ty  s tu d y .

Ig+dull cells  w ere  observed  in an old C B A /C a -P g k -1 ab h e te ro z y g o u s  fem ale  

(C13). PGK-1 is X - l in k e d  and X c h ro m o s o m e  in a c t iva t io n  resu lts  in ind iv idua l
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Figure 7 : 4

Spleen cells from Mouse Br7 stained with 

May-Grunwald/giemsa (Chapter2, Section 5).
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Table 7:5

FACS analyses of peripheral wbc from 1 young CBA/Ca, 3 known 
"leukaemic" mice and 12 old CBA/Ca (1-12) stained with FITC-RAMIg. 
The FACS histograms for some of these mice are shown in Figure 7:5.

Mouse 7. Ig+dull peak '/. Ig + bright peat

CBA/Ca 3 41 187
Br4 73 163 10 189
SP3 23 166 20 188
SP4 20 166 22 190

1 * *
2 54 166 <5 -

3 27 162 23 174
4 52 171 19 182
5 21 173 24 186
6 <5 - 55 178
7 9 147 50 179
8 6 150 51 187
9 * *
10 49 167 11 191
11 78 159 <5 -

12 15 161 35 184

* - reasons for lack of data from these mice is given in the text.



Figure 7:5

FACS histograms of FITC-RAMIg-stained peripheral white 

blood cells of 4 old mice (No. 5, 8, 10 and 11), one young 

CBA/Ca control mouse and a known "leukaemic" animal (SP3) . 

The position of the Ig+dull and Ig+bright peaks are 

shown; they were, on average, 20 channels apart.

The results of the FACS analyses are given in Table 7:5
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cells of h e te rozyg o us  fem a les  express ing  e ithe r  PGK-1A o r PGK-1B. Thus if a 

neop las t ic  cell po pu la t io n  is derived f ro m  a s ing le  cell it w i l l  express on ly  one 

of the PGK-1 a lloenzym es.

This m ouse  had been bled, at tw o - w e e k ly  in terva ls, fo r  5 m o n th s  and the 

PGK-1 pheno type  o f  all periphera l b lood cells  tes ted  had been a p p ro x im a te ly  

80% PGK 1A (see C hapter 4, Exper im en t 2). The f irs t  ev idence  o f  th e  neoplasia 

was observed w hen the  PGK-1 p h e n o typ e  o f the  to ta l  ly m p h o c y te  popu la t ion  

changed from  80% to 60% PGK-1A w h ile  the  red b lood  cell and g ra n u lo c y te  

pheno type  rem ained unchanged at 80%. Peripheral b lood cells w e re  then 

s ta ined w ith  FITC RAMIg and it was foun d  tha t  71% o f the  w b c  w ere  lg + 

(com pared  to 40% in c o n tro l  mice). The PGK-1 phe no typ e  o f th is  po pu la t ion  

was 27% PGK- 1A com pared  to  80% fo r  the  o the r  periphera l b lo od  cell types. 

Tw o m on ths  la ter 72% of the w b c  w ere  lg + and the PGK-1 p h e n o ty p e  o f these 

cells was 15% PGK 1A. This sugg es ts  th a t  the  neoplasia was de r ived  f ro m  a 

single cell (or at the m ost, very  fe w  cells) express ing  the  P g k -1 b X 

ch ro m o so m e . The sm all a m o u n t  o f PGK-1A present was poss ib ly  der ived  f rom  

lg +b r ig h t  cells as these  cells w ere  no t analysed and so rted  independen tly .

These resu lt s u ppo rt  the  hypo the s is  th a t  abnorm al, p oss ib ly  m onoc lon a l,  

expansion of I g +d u 11 cells is a fe a tu re  o f old age in CBA/Ca mice. H o w e ve r the 

PGK-1 he te rozygo us  m ouse  was s im ila r  to  B r l - 8  in th a t  it had been bled 

several t im es  pr io r  to  the  appearance o f the  neoplasia. It is co n ce iva b le  tha t 

the  cell loss at each sam p ling  a n d /o r  the  e the r and traum a cou ld  have been 

causative factors. The sc reen ing  o f old C B A /C a -Pgk-'1ab m ice is un d e rw a y  to  

f ind ou t the inc idence  o f  neop las ias and to  in ves t iga te  th e ir  c lo n a l i ty  fu r ther.

7. Serum  p ro te in s .

The e le c tro p h o re t ic  pro f i les  o f the  serum  p ro te ins  f ro m  th ree  m ice  (Br3, Br5 

and C13) w h ich  had a h igh p ro p o r t io n  o f  lg+dull cells in the  pe r iphe ra l b lood 

was ind is t ingu ishab le  f ro m  tha t  o f norm al, young  CBA/Ca c o n tro ls  (Figure 7:6). 

This s im ila r i ty  sugges ted  th a t  the  lg +dull cells w ere  no t se c re t in g  any 

substan tia l am oun ts  o f im m u n o g lo b u l in s .  Im m u n o e le c tro p h o re s is  c o n f i rm e d  the  

absence o f m o noc lon a l g a m m o p a th y  (data no t  shown).
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Figure 7:6

Serum protein profiles of several mice which had a high 

proportion of Ig+dull cell present in their peripheral 

blood and several control mice. The proportion of 

Ig+dull cells present is given in parenthesis.

A = normal young CBA/Ca control (<57.)

B = Br3 (307)

C = C 13 ( 707.)

D = C 13 (707)

E = CBA/Ca 

F = CBA/Ca 

G = Br5 ( 50 7.)

H = Br3 (307)
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8. Cell surface characterisation.

The re la tive express ion  o f the  surface  m arkers IgD and Ly-1 was s tud ied  in a 

series o f 4 m ice w h ic h  possessed va r ious  p ro p o r t io n s  o f  lg +duII cells  In the 

periphera l b lood (Table 7:6). The increase in Ig +d u 11 cells w i th in  the  series was 

paralle led by an increase in cells express ing  lo w  levels o f  IgD.

B ly m p h o c y te s  o f  norm al m ice  can be d iv ided Into su b p o p u la t io n s  w ith  respect 

to  th e ir  re la tive express ion  o f IgD and IgM (see C hapter 6). B ly m p h o c y te s  

express ing  a lo w  level o f IgD and a high levels o f IgM be long  to  "Popu la tion  III". 

P re lim inary  tw o - c o lo u r  FACS analysis of the  periphera l b lood o f the  above 

series o f m ice ind ica ted  tha t  the  neop las t ic  cells also be longed  to  th is  

popu la t ion  (Figure 7:7). In add it ion  these  lg +dull cells also expressed lo w  levels 

o f  Ly-1. Thus th e y  appeared s im ila r  to  som e o th e r  B ly m p h o m a s  p rev ious ly  

desribed (Lanier et al, 1981) and to  norm al Ly-1 B cells (Hayakawa et al, 1983).

Table 7:7 show s tha t the  neop las t ic  cells o f old CBA/Ca m ice (N o.10 and C13) 

and the  t ra nsp lan ted  m ouse, SP1, also expressed a lo w  level o f IgD. In th is  

respect they  are s im ila r  to  the  cells in the  o r ig ina l exper im en ta l g roup.
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Table 7:6

FACS analyses of peripheral lymphocytes from 3 known "leukaemic" 
mice and one young normal C8A/Ca mouse. Cells were stained with 
(a) FITC-RAMIg; (b) FITC-RAMIgD and (c) RAM Ly1 + FITC-GARIg.

Cell Population CBA/Ca Br2 Br3 Br5
(control)

(a) Ig+ dull <57. 67 3 2 7. 507
Ig bright 417. 567. 307. 17 7.

(b) IgO dull 6 7. 137 19 7. 3 77.
IgD bright 3 0 7. 347. 2 8 7. 18 7.

( c) Ly-1 dull 07 N.D. 127 307
Ly-1 bright 48 7. N . D . 2 47. 18 7.

Table 7:7

FACS analyses of four "leukaemic'' mice and one normal young CBA/Ca. 
Cells were stained with reagents (a) and (b) described in Table 7:6.

Cell Population CBA/Ca 
(control)

Br4 old 10 C 1 3 S P 1

(a) Ig+ dull <57 807 5 3 7. 847. 73 7.
Ig+ bright 207 67 13 7. <5 7. <57

(b) IgD dull <57. 69 7 557 777. 60 7.
IgD bright 187. 117 117 6 7 <57
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Figure 7:7

FACS dot plots of peripheral white blood cells stained 

with FITC-RAMIgD (green) and TR-RAMIgM (red). The three 

dot plots represent three different mice. The proportions 

of Ig+dull cells were analysed on the same day 

(3.12.84) and are given in parenthesis.

A - Mouse D r 2  (6/.)

B = Mouse Br3 (327)

C = Mouse Br5 (507)



log red f l u o r e s c e n c e



D iscu ss io n .

This chap te r  re po r ts  the  appearance  o f  an unusua l cell p o p u la t io n  in the 

periphera l b lood  o f  a g ro u p  o f  e xp e r im e n ta l  m ice  and s u b s e q u e n t ly  in several 

norm al, aged ( > 2  years) CBA/Ca mice.

The cell su rface  c h a ra c te r is t ic s  o f  the se  ce lls  are s im ila r  to  hum an B-CLL cells ’ 

in th a t  they  have a lo w  d ens ity  o f  su rface  IgM and IgD (Foon et al, 19£2)- The 

cells also express lo w  levels  o f the  an tigen , Ly-1. This was o r ig in a l ly  th o u g h t  

o f as a T cell marker, bu t w as s u b s e q u e n t ly  fou n d  to  be p re se n t also on a 

m in o r  s u b p o p u la t io n  o f  B ce lls (Ledb e tte r  et al, 1980; Hayakawa et al, 1984-). 

Several B cell tu m o u r  cell l ines also express Ly-1 (Lanier et al, 1981; Hayakawa 

et al, 1985) and hum an B-CLL cells express lo w  levels o f the  h um an ana logue 

Leu-1 (C a l iga r is -C a pp io  et al, 1982).

The unusual ce lls  fo u n d  in the  pe r iphe ra l b lood  o f these  m ice also appeared in 

th e  spleen (caus ing  sp le n o m e g a ly )  and bone m arrow , but no t in the  lym ph 

nodes. T issue d is t r ib u t io n  was ana lysed in on ly  one m ouse  in th is  pa r t icu la r  

s tudy, bu t s u b se q u e n t w o rk  in o u r  la b o ra to ry  has s ho w n  s im ila r  resu lts  fo r  

several o th e r  an im a ls  (J.D. Ansell, pers. com m .). These inc luded  norm a l old 

mice, w here  the  cells appeared spo n ta n e o u s ly ,  and an im als  th a t  had been 

tran sp la n ted  w ith  sp leen cells  f ro m  the  o r ig ina l exper im en ta l m ice. Thus, w ith  

resp ec t to  t issue d is tr ib u t io n ,  the  ce lls appear s im ila r  to  the  m u r in e  BCL-1 cell 

line Slavin & S trober, 1978) and hum an PLL cells. It is p oss ib le  th a t  the  cells 

are unable to  t rave rse  the  h igh en do th e l ia l  venu les  (HEV) o f the  lym ph  node, 

perhaps because th e y  lack a necessary  re c e p to r  (Kro lick,et al, 1979). It is w o r th  

n o t in g  tha t  L y - 1 + B ce lls are n o t  fo u n d  in the  lym ph  node in no rm a l young  

m ice  (Hayakawa et al, 1985).

There  was ap paren tly  an increase in per iphera l w h i te  b lood ceil n u m b e r  during  

the  p rog ress  o f the se  hyperp las ias. This sugge s te d  th a t  p ro l i fe ra t io n  was 

tak ing  place o u tw ith  the  no rm a l g ro w th  con tro l .  How ever, the  increase in cell 

n u m b e r  was very  gradual, s u g g e s t in g  th a t  som e c o n tro l  sti l l  existed. Dexter 

et al (1981) descr ibed  the  p ro g re s s io n  o f  e ry th ro leuka e m ia  induced  by the 

Friend v irus (Friend, 1957). In the  f i r s t  s tage o f  the  d isease e ry th ro id  

p re cu rso rs  s h o w e d  a reduced re q u ire m e n t  fo r  e ry th ro p o ie t in .  Later, p r im it ive
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cells e m erged  w h ic h  had a reduced  m a tu ra t iona l capac ity .  These cells  w ou ld  

induce leukaem ia if in je c te d  in v ivo  and p roduced  tu m o u r - t y p e  c o lon ie s  in so ft 

agar but th e y  requ ired  s t ro m a l a d he ren t cells fo r  sus ta ined  g ro w th  in v i t ro . 

They were, th e re fo re ,  d e p e n d e n t  on re g u la to ry  s igna ls  f ro m  the s tro m a l cells. 

In the  final s tage o f the  d isease t ru ly  a u to n o m o u s  cells em erg ed  w h ic h  were 

able to  g ro w  in d e p e n d e n t ly  in v i t r o . A s im ila r  sequence  o f  events  was fo und  in 

leukaem ias induced  by the  A b e lso n  leukaem ia v irus  w h ich  produces, 

p re d o m in a n t ly  B—cel I leukaem ia s  and m e th y ln i t ro s o u re a ,  MNU, w h ic h  produces 

''null ''  cell leukaem ia (D exter & Allen, 1983). It is poss ib le  th a t  such a 

p rog ress ion  exists  in all ty p e s  o f leukaem ias and p a r t ic u la r ly  in ch ro n ic  cases, 

the  d isease m ay never p ro g re s s  beyond  the f i rs t  or second  stage.

This neoplasia  was ob s e rv e d  in exper im en ta l an im als  th a t  had been 

t ransp lan ted  w ith  bone m a r ro w  cells a n d /o r  bled several t im es. It is 

conce ivab le  th a t  the  t ra n s p la n ta t io n  a n d /o r  the  repeated cell loss were 

causative  fa c to rs ,  but the  appea rance  of the  neop la sm  in no rm a l o ld m ice is 

no t  c o n s is te n t  w i th  th is  idea.

N eoplastic  cells  in the  m a jo r i ty  o f pa tien ts  w ith  B-CLL have a surface  Ig 

re s tr ic ted  to  one l igh t and one heavy chain class and to  one id io typ e  (Fialkow, 

1980 (review)). This s u g g e s te d  that, at the t im e  o f d iagnosis , CLL cells w ere 

m o noc lon a l.  F ia lkow et a I (1978) c o n f irm e d  th is  us ing the  hum an X - l in ke d  

enzym e m arker g lu c o s e - 6 -p h o s p h a te  dehyd ro g e nase  (G6PD). S im ila r  results  

have been foun d  in the  m u ' in e  neop lasm  reported  here us ing  the  PGK-1 m arker 

system . In the  one m o u s e  s tud ied  (C11) the  a bno rm a l ce lls  appeared to  be 

derived f ro m  one (or, at the  m ost, very  fe w ) cell express ing  PGK-1B. 

N eop lasm s f ro m  o th e r  PGK-1 h e te ro zy g o te s  have been analysed and th e y  also 

appear to  be m o n o c lo n a l  (J.D. Ansell, pers. com m .). Evidence fo r  the 

m o n o c lo n a l i ty  o f  the  m u r in e  BCL-1 tu m o u r  was ob ta ine d  using an a n t i - id io ty p e  

an t ib o d y  (Vitteta et al, 1979). W hen these  cells w e re  s t im u la te d  in v i t ro  w ith  

l ip o — po lysa ccha r ide  (LPS) they  secre ted  IgM bearing  the  sam e id io typ e  as the 

ce lls ' surface Ig. However, BCL-1 id io type  d e te rm in a n ts  w e re  no t de tec ted  in 

the  sera o f tu m o u r - b e a r in g  mice, ind ica t in g  th a t  very  fe w  n eop las t ic  B cells, if 

any, d if fe re n t ia te d  in to  Ig M -s e c re t in g  cells in v iv o . In o u r  small series of 

observa t io ns , the re  was no de tec tab le  d i f fe rence  in the  serum  p ro te in  profi les 

o f  norm al m ice  and m ice  bearing  a high p ro p o r t io n  o f  lg +dull cells in the
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periphera l b lood. H ow ever,  nove l se rum  pa ra p ro te in s  have been fo u n d  in a 

m ore  recen t series o f o ld m ice  analysed (J.D.Ansell, pers .com m .) but th e ir  

re la t ionsh ip  to  the  B - cell neop las ia  is n o t  ye t clear.

Using the G6PD marker, F ia lkow et a I (1978) sh ow e d  th a t  e ry th ro cy te s ,  

g ra nu lo cy tes , p la te le ts  and at least som e T ly m p h o y te s  did no t arise, in large 

num bers, f ro m  the leukaem ic  p ro g e n i to r  cells. They th e re fo re  c o n c lu d e d  tha t  

the  CLL was expressed in p ro g e n i to rs  w ith  d i f f e r e n t i a t e  express ion  res tr ic te d  

to  the  B ly m p h o c y te  pa thw ay. The data o f A rn o ld  et al (1983) s u g g e s t  th a t  B 

ly m p h o m a s  ( inc lud in g  som e  tha t carry  Ly-1) are induc ib le  by an t igen ic  

hyp e rs t im u la t io n .  This w o u ld  s u g g e s t th a t  the basic lesion is, indeed, w i th in  B 

lym p hocy tes .

This chap te r has reported  the  appearance o f  a n e op la s t ic  cell p o p u la t io n  and its 

p re l im ina ry  cha rac te r isa t ion . This m u r in e  neop lasm  cou ld  p rove to  be a useful 

m ode l fo r  several reasons. If s im ila r  n eop la sm s o c c u r  w ith  a h igh f re q u e n c y  in 

norm al, old CBA/Ca m ice the re  cou ld  be a c o n s ta n t  supp ly  of p r im a ry  tu m o u rs .  

This w ou ld  o v e rc o m e  the  p ro b le m s  enco u n te re d  w h e n  a t te m p t in g  to  re late the 

be hav io u r  of t ransp lan ted  tu m o u rs  and tu m o u r  ce lls  in v i t ro  to  th a t  o f  p r im a ry  

tu m o u rs .  The initia l appearance of the  ab norm a l cells  is easy to  d e te c t  in the 

periphera l b lood  by FACS analys is  and the  "ch ro n ic ' '  nature o f the  bo th  the 

p r im ary  and the  t ra nsp lan ted  neop lasm  w o u ld  a l lo w  long te rm  s tud ies  to  be 

p e r fo rm e d  on the  pa tte rn  and p ro g re ss ion  o f the  disease. W ork  is in p rogress  

to  analyse the le u k o c y te -c o m m o n  ( l - C )  p o lyp e p t id e s  (Sm ith  & Maddy, 1984) of 

these  m urine  n eop la s t ic  cells and to  co m pare  th e m  the  the  hum an pro fi les . 

There  is som e ev idence in the hum an disease th a t  the  pro f i les  change  as the  

d isease progresses (Sm ith  et al, 1985).

The m ode l cou ld  be used to  s tudy  the  e ffec ts  o f d i f fe re n t  types  o f  th e ra p y  tha t  

are cu rre n t ly  be ing used to  t re a t  CLL pa t ien ts  and poss ib ly  to  d eve lo p  new  

th e ra p e u t ic  m ethods. It cou ld  also p rove usefu l the  the  s tudy  o f  re g u la to ry  

m ech an ism s  th a t  o c cu r  in no rm a l cell g ro w th ,  p a r t icu la r ly  in th e  ly m p h o c y te  

lineage.



CHAPTER 8

CONCLUDING COM M ENTS.

X c h r o m o s o m e - in a c t iv a t io n  m osa ics  have been used to  s tu d y  va r iou s  aspects  

o f m urine  hae m a to p o ie s is .  The a l loe n zym e s  o f PGK-1 (PG K-1A and PGK-1B) 

w ere  used as m arke rs  fo r  the  tw o  X c h ro m o s o m e s .  A t th e  ou tse t ,  fac to rs  

a f fec t ing  the  X in a c t iv a t io n  p rocess  per se w ere  exam ined. It was know n tha t 

the  p rocess was n o n - ra n d o m  in fe m a les  th a t  w e re  h e te ro z y g o u s  at the  Xce 

locus and co u ld  also be in f luenced  by the  parenta l o r ig in s  o f  the  X 

c h ro m o s o m e s . We d e m o n s tra te d  th a t  in X c e b/ X c e G h e te ro z y g o te s  parental 

e ffec ts  cou ld  in f luen ce  the  X - in a c t iv a t io n  process, bu t in m ice  used in 

s ubsequ en t e x p e r im e n ts  (X c e a/ X c e c) no such e f fe c ts  cou ld  be de tec ted . In 

these  mice, reg a rd le ss  o f the  parenta l o r ig ins  o f the  X c h ro m o s o m e ,  it was 

es tab lished th a t  th e  mean p ro b a b i l i ty  o f  exp ress ion  o f  the  X c h ro m o s o m e  

carry ing  the  X c e c and P g k -1 a alle les was 70% (range: 35 -95% ).

PGK-1 h e te ro z y g o te s  w e re  used to  analyse the  c lona l o rg a n isa t io n  o f  the  

h a e m a to p o ie t ic  s ys te m  under s te a d y -s ta te  c o n d it io n s .  The n u m b e r  o f  c lones 

ac t ive ly  invo lved  in h ae m a to p o ie s is  be tw ee n  sequen tia l s am p ling  po in ts  was 

es t im a ted  to  be large. It was no t  possib le , th e re fo re ,  to  d raw  any c o n c lu s io n s  

c once rn in g  the  s t ru c tu re  o f  the  h a e m a to p o ie t ic  s tem  cell poo l o r  the  lineage 

re la t ionsh ips  b e tw e e n  the  d i f fe re n t  cell typ es  in no rm a l an im als. There  w ere  

tw o  poss ib le  s o lu t io n s  to  th is  p rob lem : (1) to  reduce  the  s tem  cell n u m b e r  by 

exper im en ta l m a n ip u la t io n  or, (2) to  increase th e  n u m b e r  o f cell m arke rs  w ith in  

an indiv idual.

An a t te m p t  to  reduce  s tem  cell n u m b e r  w as m ade by p ro d u c in g  rad ia tion  

ch im aeras  w h ic h  w e re  repopu la ted  w ith  a lo w  dose (105) o f  PGK-1AB bone 

m a rro w  cells. The resu lts  o f  th is  e x p e r im e n t sh ow e d  that, in these  mice, the 

e ry th ro cy te s  and g ra n u lo c y te s  w e re  the  p ro g e n y  o f  a c o m m o n  s tem  cell pool. 

The data fo r  B and T ly m p h o c y te s  appeared to  s u g g e s t  th a t  the se  l ineages 

w ere  der ived f ro m  separate  p recursors . The n u m b e r  o f re p o p u la t in g  c lones 

was e s t im a ted  to  be 2 -3  fo r  m ye lo id  cells, 4 fo r  B ly m p h o c y te s  and 10 fo r  T 

lym pho cy te s .  T em po ra l va r ia t ions  in th e  PGK-1 p he no typ e  o f  all l ineages w ere  

apparent, w h ic h  p rov ided  s u p p o r t  fo r  the  c lona l success io n  hypo the s is
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advanced by Kay (1965). The n u m b e r  o f ac t ive  c lones, used du r in g  a given 

sam p ling  period, was e s t im a te d  to  be 2 -3  in the  m ye lo id  lineages. It was, 

how ever,  d i f f ic u l t  to  e s t im a te  the  n u m b e r  o f c lones ac t ive  in the  ly m p h o c y te  

lineages due to  the  lo n g e v i ty  o f these  cells. Results o f th is  s tu dy  su gges te d  

tha t the  in it ia l re p o p u la t in g  even ts  invo lved  "o ld e r"  s tem  ceils  w ith  a re la t ive ly  

lo w  capac ity  fo r  s e l f - re n e w a l ;  w h en  exhausted, th e y  w e re  succe ede d  by c lones 

derived f ro m  a m ore  p r im it iv e  s tem  cell po pu la t ion .  H ow  do these 

o b se rva t io ns  re la te  to  no rm a l h a e m a to p o ie s is  ? It m ay be poss ib le  to  approach 

these  q ues t io n s  us ing tw o  expe r im en ta l  s y s te m s :-

(1). M in tz  &  F le ischm an (1979) have dev ised a te c h n iq u e  w h ic h  invo lves  the 

in t ro d u c t io n  o f h a e m a to p o ie t ic  s tem  cells in to  early  fo e tu s e s  by m ic ro in je c t in g  

a sm all in o cu lu m  o f  fo e ta l l ive r  ce lls  in to  a p lacenta l b lood  vessel. Using 

m ix tu res  o f tw o  norm a l s tra ins  o f foe ta l l ive r ce lls  as d o n o rs  and 

m i ld ly -a f f l ic te d  W m u ta n ts  (W f/W f) as rec ip ien ts , th e y  fo u n d  th a t  som e 

ind iv idua ls  w ere  seeded by a s ing le  d o n o r  cell (M intz et al, 1984). This m e thod  

could, the re fo re ,  p rov ide  a m eans o f reduc ing  s te m  cell num bers . The 

tech n iq u e  a l low s  s tem  cell ped ig re es  to  be exam ined  d u r ing  the  norm al 

de ve lo p m e n ta l  p rog ress ion . In so m e  mice, the re  was a c o m p le m e n ta ry  rise and 

fall in p ro p o r t io n s  o f cells o f  d i f fe re n t  g e n o typ e s  (M in tz  et al, 1984) w h ich  

su ppo rted  the  c lona l su ccess ion  hypo thes is .  The m a jo r  d isad van ta ge  to  the 

sys tem , how ever,  is the  lack o f e f f ic ie n cy  o f e n g ra f tm e n t.  Only 5 -6 %  of 

fo e tu ses  in jec ted  s ho w ed  a s tab le  e n g ra f tm e n t  (F le ischm an et al, 1982; M intz 

et al, 1984). The e f f ic ie n cy  o f  p ro d u c t io n  o f  lo w -d o s e  ch im aeras , descr ibed  in 

th is  thes is , can approach  100% w h e n  done u n de r  ca re fu l ly  c o n tro l le d  

cond it io ns . The foe ta l  m ic ro in je c t io n  te c h n iq u e  does no t so lve  the  p ro b lem  of 

using a "d is ru p te d "  po pu la t io n  as a donor, but it cou ld  p ro v id e  a m e tho d  fo r  

increas ing cell m arker num bers. The im m u n o lo g ic a l  Im m a tu r i ty  o f  bo th  d o n o r  

and ho s t  cells a l low s  a l logene ic  g ra f ts  to  be accep ted  w ith  im p u n ity .  Foetuses 

could, the re fo re ,  be engra fted  w ith  c o m b in a t io n s  o f  m arked  cells  w h ic h  do not 

necessar i ly  have to  be o f  the  sam e ge ne t ic  background. H ow ever,  it is possib le  

th a t  c e l l - s e le c t io n  p rocesses cou ld  then  operate.

(2). The m o s t  re ce n t advance in cell m arkers  has invo lved  the  use o f  re trov ira l 

v e c to rs  to  t ra n s fe r  e xogen ous  DNA sequences in to  p lu r ip o te n t  s tem  cells 

in v i t ro  (W ill iam s et al, 1984; Keller et al, 1985). Viral in te g ra t io n  sites
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( iden tif ied  by re s t r ic t io n -e n z y m e  d ig e s ts  o f  the  DNA) w e re  used as clonal 

m arkers fo r  id e n t i fy in g  h a e m a to p o ie t ic  p re cu rso rs  and fo r  fo l lo w in g  cell 

l ineages in ir rad ia ted  m ice  re p o p u la te d  w ith  the  m o d if ie d  s tem  cells. The 

fo e ta l - in je c t io n  tech n iq u e , descr ibed  above, w il l  u n d o u b te d ly  be used in the 

near fu tu re  as a s ys te m  fo r  s tu d y in g  the  p ro g e n y  o f  these  g e n e t ic a l ly  m od if ied  

cells. In add it ion , the  c o m b in a t io n  o f  th ese  tw o  sys te m s  w i l l  p rov ide  a unique 

o p p o r tu n i ty  to  analyse the  exp ress io n  and fu n c t io n  in v ivo  o f  a va r ie ty  of 

d i f fe re n t  genes t ra n s fe r re d  in v i t r o .

The s tudy  o f no rm a l an im a ls  de scr ibed  in C hapter 4 s h o w e d  tha t  the 

p ro p o r t io n s  o f  the  tw o  X c h ro m o s o m e s  ac tive  w ere  s im ila r  in all cell types 

s tudied. This agrees w ith  the  resu lts  o f  M cM ahon  et al (1983) w h o  show ed  

th a t  all cell l ineages w ere  de r ived  f ro m  a c o m m o n  pool o f  X - in a c t iv a te d  cells. 

These resu lts  p rov ided  the  necessa ry  background  fo r  the  ana lys is  o f the 

X - l in k e d  im m u n o d e f ic ie n c y  (x id ) m u ta t io n  (Chapter 6). Im ba lances in the
L.

express ion o f  the  x id / Pgk-1 -b e a r in g  X c h ro m o s o m e  in x id /+  m ice  were, 

the re fo re ,  due to  the  ge ne t ic  d e fe c t  and n o t  an in he ren t fea tu re  o f  norm al B 

ly m p h o c y te  po pu la t ions . Using th e  PGK-1 m arker sys tem , we es tab lished  tha t  

B cell p re cu rso rs  in the  bone m a r ro w  w e re  una ffec te d  by the  x[d m u ta t io n .  All 

sp len ic  B - ly m p h o c y te  s u b p o p u la t io n s  in the  per iphe ry  w e re  d e fe c t ive  in the 

adult, bu t th e  analyses o f im m a tu re  m ice  sugges ted  th a t  the  stage in 

d e v e lo p m e n t  at w h ich  the  x[d m u ta t io n  acts is not the  sam e fo r  the  d i f fe ren t  

subp op u la t ion s .  It is conce ivab le  th a t  the se  su b p o p u la t io n s  be long  to  d i f fe ren t  

l ineages. Future e xp e r im en ts  us ing  t h r e e -  and fo u r - c o lo u r  FACS analys is  and 

s o r t in g  in c o m b in a t io n  w ith  the  PGK-1 sys tem  should  help to  c la r i fy  the  nature 

o f  the  de fec t  i tse l f  and som e o f  th e  p rocesses o f  no rm a l B lym p h o c y te  

d if fe re n t ia t ion .  The m arker sys tem , in c o n ju n c t io n  w ith  FACS analys is  and 

so rt ing , can also be used to  id e n t i fy  the  B -ce ll  s u b p o p u la t io n s  invo lved  in 

o ther, genera l ly  m ilder, X linked im m u n o d e f ic ie n c ie s  th a t  have been described. 

For example, gen e t ic  d i f fe rence s  in the  IgG response  to  dena tu red  DNA 

be tw een  m ouse  s tra ins is a p pa ren t ly  X -c h ro m o s o m e  linked (M ozes & Fuchs, 

1974). S im ilar ly , the  im m u n e  respon se  to  LDH-C4 is c o n tro l le d  by an X linked 

locus (Marsh et al, 1974). There is som e ev idence to  sug g e s ts  th a t  these  tw o  

loci are iden tica l (Green, 1981). A na lys is  o f  such d e f ic ienc ies  cou ld  fu r th e r  help 

in the  u n de rs ta n d in g  o f no rm a l B ly m p h o c y te  funct ion .
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Finally, during  the  course  o f the  s tud ies  descr ibed  in th is  thes is  a B—cel I 

neop lasm  was fo u n d  in a g ro u p  o f expe r im e n ta l mice. A series o f  sup e rf ic ia l ly  

s im ila r  neop lasm s w e re  then  fou n d  in old CBA/Ca mice. The PGK-1 m arker 

was used to  analyse c lo n a l i ty  and the  data w e re  c o m p a t ib le  w ith  the  v ie w  th a t  

som e of the ne op la sm s  o f  the  o ld m ice w e re  m o noc lo n a l.  A p re l im in a ry  

ch a rac te r isa t ion  sug ges te d  th a t  th is  cou ld  po ss ib ly  be an anim al m ode l fo r  

hum an ch ron ic  ly m p h o c y t ic  leukaem ias. FACS analys is  and the  PGK-1 m arker 

m ay prove useful in es ta b l is h in g  the  v a l id i ty  o f the  m ode l and in ana lys ing  the 

early  d e v e lo p m e n t  o f  such neop lasm s.
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(a ) Electrophoresis Buffer

for 1 litre, in distilled

APPENDIX I . Appendix to Materials and Methods

EDTA

sodium citrate 

magnesium sulphate 

sodium barbital

(b ) Sample Buffer 

to 100ml of 50mM tri-ethanolamine-HCL (T-eth-HCL) (pH 7.G) add:

concentration quantity 

dithioerythritol (DTE) 0.3mg/ml 30mg

bovine serum albumin (BSA ) 0.5mg/ml 50mg

(c ) Indicator Stock

to 10ml distilled water add:

molarity quantity

T-eth HCL 1 OOmM 185.Gmg

magnesium suphate 13 OmM 3 20mg

glu cose 15 OmM 2 7 0mg

ADP (Sigma, A 8146) 2 5mM 112.5mg

NADP (Sigma, N 0505) 40mM 3 0 Gmg

The solution is adjusted to pH 7.G with 2N NaOH and 

100jj1 aliquots are stored at -20°C.

water at pH 8.8 

molarity quantity

2mM 0 . 744g

10mM 2.94g

5mM 1.2 3 g

20mM 4.12g



molarity

NAD (Sigma, N 7004) 1,2mM

trisodium fructose 1,6- 

diphosphate (Sigma 752-1) 40mM

K HPO 40mM
2 4

(d ) Assay Stock

to 40ml electrophoresis buffer add:

quantity 

3 2mg

65 Omg 

279mg

400jul aliquots are stored at -20°C.

e ) Stock solutions of MTT and PMS 

to 50ml distilled water add:

MTT (thiazolyl blue, Sigma M2128) 

PMS (phenazine methosulphate, 

Sigma P 9525)

Concentration quantity 

10mg/ml 500mg

2.5mg/ml 125mg

( f ) Enzymes

G6PDH (Sigma, G 8878)

HK (Sigma, H 5625)

ALD (Sigma, A 6253)

GDH (Sigma, 6751)

GAPDH (Boehringer Mannheim)

Volume used 

10ui 

5jjl 

10 u i  

5^1 

7 . 5jj1

concentration * 

225 units/ml 

8000 units/ml 

6.5 units/ml 

222 units/ml 

10 mg/ml

* This refers to the manufacturers concentration and the 

volumes will have to be adjusted if the manufacturers 

change the concentration of the solution.
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(g ) 6PI Supre-heme buffer

1 sachet Supre-heme buffer (Helena Labs., No. 5802) diluted 

with 1 litre distilled water.

(h ) GPI Assay Stock

to 20ml 1.0M Tris-HCl, pH 8.0, add:

quantity

(Sigma, F 3627)

aliquots (1ml) stored at -20°C.

(l) Phosphate-buffered saline (PBS)

for 10 litres, in distilled water

quantity

KH PO 8. 6g
2 4

Na HPO -12H 0 56.9g
2 4 2

NaCl 56.7g

pH to 7.2

NADP (Sigma, N050) 

Fructose-6-phosphate

60mg 

13 0mg
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Hepes buffer (1M)(Gibco, 043-5639) 10ml

7.5'/. Sodium bicarbonate soln.

(Gibco, 043-5630) 12.5ml

10/ Sodium azide 5ml

distilled water 422.5ml

(j ) RPMI-1640 medium

10X RPMI-1640 (G i b c o , M405)) 50ml

pH adjusted to 7.2. Before use 3.3ml 10'/. bovine serum albumin

is added to 100ml of the above medium.

( k ) A c n d i n e - o r a  nge/Ethidi urn-bromide stain

Acridine-orange (BOH, No. 34001) 50mg

Ethidium-bromide (Sigma, E8751) 15mg

Dissolve in 1ml 95'/. ethanol, add 49ml distilled water and 

mix well. Store in 1ml aliquots at -20°C.

The working solution is madeby diluting one aliquot in

100ml PBS. This is stored in a dark bottle at 4°C

and is usable for up to one month.



A P P E N D I X  1 1 - V I

E x p e r i m e n t a l  Data

The -following p ag e s  c o n s i s t s  of all e x p e r i m e n t a l  data 

from C h a p t e r s  3 ,4 , 5  and 6. The r e su l t s  are e x p r e s s e d  

as '/.PGK-1A p r es e n t  in all e x p e r i m e n t s .  R e p l i c a t e  

s am p l e s  are i n d i c a t e d  thus 7 7/ 75  - le the first

a n a l y s i s  gave a r es u l t  of 77 and the second, 75 I P G K - 1 A 

Both r e s u l t s  are s hown if the s a mp le  was a n a l y s e d  t wice

The f o l l o w i n g  a b b r e v i a t i o n s  have been used in this 

Appendix.

E - e r y t h r o c y t e s  

B - B l y m p h o c y t e s  

T - T l y m p h o c y t e s  

G - g r a n u l o c y t e s  

LN - lymph node 

S P L - s p 1 ee n 

BM - bone m ar ro w

slg" - s u r f a c e - i m m u n o g 1 o bu ll n n e g a t i v e  

s I g - surf ace-i m m u n o g  1 obul i n p o s i t i v e



APPENDIX II

% P G K -1A  p resen t in p ro g e n y  o f  5 d i f fe re n t  crosses.

The Xce and Pgk-1 g e n o ty p e  o f the parenta l X 

c h ro m o s o m e s  are g iven: male x female.

Cross T X ceb/ P g k - 1b x X c e ° / P g k - l a

69 65 66 75 64 60 73 81 57 62 64 76 60 47 71 56 56 53

59 55 50 70 64 81 55 69 58 57 56 60 55 53 52 43 52 59

Cross 2 . X cec/ P g k -1 a x X ce b/ P g k -1 b

63 67 68 53 60 52 48 46 45 55 51 40 66 57 52 44 45 53

55 48 56 47 56 58 45 49 48 62 49 48 60 56 62 53 52 56

Cross 3 . X cec/ P g k -1 a x X c e b/ P g k -1 b

48 49 44 48 36 48 46 42 48 45 45 33 50 42 60 40 59 53

57 47 55 51 48 53 60 51 38 50 46 56 67 33 54 50 52 57

55 62 48 63 47 66 57 50 54 43 63 52 67 46 63 40 67 46

44 53

Cross 4. X ceb/ P g k -1 b x X cec/ P g k -1 a

56 74 66 66 66 59 76 66 43 47 68 41 57 57 61 60 50 45

53 63 62 67 45 49 30 66 64 62 62 57 55

Cross 5. X ceb/ P g k -1 b x X cec/ P g k -1 a

66 65 67 56 65 78 61 58 55 64 58 42 42 57 59 75 51 66

62 60 62 46 61 52 45 68 70 83 65 54 50 56
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APPENDIX III

Experiment 1

MOUSE 83 B5 C1 C5 D1 D5
DATE of 
SAMPLE

14.3.83 84/84 84 68/72 G8 73 68
28.3 .83 75/81 71/84 G3/70 72 - 54/64

3 86/81 81/84 G8/73 72 75 61
4 72/81 73/83 64/ 70 78/7G 81 58

17.5.83 81/81 79/81 73/72 80/82 78 71/63
31.5.83 82/80 75/81 GG / 72 68 72/82 58
14.G.83 71/82 73/82 75/70 72 - 59
28.6.83 73/82 78/78 70/67 G9 7G 57
13.7.83 82/83 G8/80 GG / 64 7 G 74/84 54
2G.7.83 80/84 79/80 G8/G5 71 - -
9.8.83 84 - 66 73 75 57
9.9.83 80 75 70 72 78 G4/61

17.10.83 79 7 G 68 74 75 -
17.11.83 78 73 G4 G5/74 77 55
18.12.83 78 GG 70 - 76 53
-.1.84 8G/8G 75/78 - 68 84 62
-.2.84 83 73 64 72 7 G 58

1G.3 . 84 81 73 G2/G4 73 77 58
4.4.84 79 72 G3/G3 G8 77 58
-.5.84 79 74 67 GG 79 59
2.G.84 79 70 G8 G8 78 58

2G.G.84 77/88 72 G3 72 - 5 G
23.7.84 80/83 70/G9 G4/G2 73 83/82 57
2.10.84 87/8G - - - 75 -
9.12.84 90/87 7 G 72 / GG 71 - 62
-.1.85 80/81 73/74 G7/G4 73/74 85 G7

14.2.85 83 75 G4 G8 80 G 1
13.3.85 79 DEAD GO G4 80 59
11 .5.85 82 G4 GG DEAD 60



APPENDIX III

Experiment 2

MOUSE A2 A4

DATE E G E G E G

2.12.82 69/79 81 84 85 83
15.12.82 66/66 71 81/86 82 82/79 80
7.1.83 66 67 75 - 72 -

21.1.83 66/71 69 82 82 75/76 -
4.2.83 63/65 70 76/76 70 74/72 81/79

18.2.83 66/71 70 77 82 73 77/74
4.3.83 71/68 66 78/84 86 71/79 77

18.3.83 67/75 - 78/87 - 77 -
31.3.83 69/72 73 84/79 - 82 80
24.4.83 71 78 - 80 77 -
13.5.83 65/73 73 - - 77/82 -
27.5.83 71 68 80 79 73 79

66 - - - - -

14.5.84 _ _ 84 79 70 _

1.10.84 - - 73/82 76 66/69 68/75



APPENDIX III

Experiment 2. continued

MOUSE

DATE

C 11 

E G

C 1 2 

E G

C 1 3 

E G

C 1 4 

E G

10.1.83 75 73 79 74 80/77 73 74 73
24 . 1 .83 72/76 70 74/73 73 69/75 - 68/60 71
7.2.83 76 - 78 77 77 - 69 70
21.2.83 90/81 78 82/77 71 83/76 79 74/65 68
7.3.83 80/77 74 79/82 - 73/82 80 70 -
21.3.83 75/78 - 74 - 77 - 59 -
4.4.83 - - 82 77 79 66 62

2.5.83 76/ 70 77 75/80 - 77 78 58/64 65
1 G .5.83 83/79 - 74 80 75 - 57/60 69

83 77 - 72 - - - -

29 . 10 . 84 81/81 86/81 - - 86/85 83/84 60/58 62

-4-
CO

LDCM 83 - - - 82 78 54 -
28.1.85 - - - ■ 86/82 - 59 63



APPENDIX III

Experiment 3

Mouse C1

je (months) E B T G

3 . 0 82/73 78/71 75/68 72/70
3 . 5 66/70 72/75 69/72 70/69
4.0 68/71 70/69 70/69 65/70
4.5 65/65 75/75 76/72 66/69
5.0 59/63 62/68 62/68 58/59
5.5 64/65 66/66 65/72 60/60
6.0 69/67 67/65 64/64 60/56
6.5 64/66 68/68 70/68 63/61
7 . 0 66/66 69/70 73/70 74/62
7.5 59/62 65/62 64/64 59/60
8 . 0 66/60 66/62 65/62 62/59

Mouse C2

je (months) E B T G

3 . 0 77/74 76/74 74/75 78/74
3.5 73/72 69/71 15/75 80/80
4 . 0 80/78 72/77 79/79 85/84
4 . 5 76/80 75/75 79/- 84/-
5 . 0 77/80 66/72 68/71 80/81
5.5 79/81 73/82 71/77 70/86
6.0 83/79 77/75 74/74 77/82
6.5 84/83 81/77 82/78 85/78
7.0 89/86 85/79 86/80 85/84
7.5 81/82 74/78 80/82 86/83
8.0 86/83 80/81 79/84 84/84
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APPENDIX III

Experiment 3. continued 

Mouse C3

Age (months) E B T G

3 . 0 84/83 80/83 78/79 82/87
3 . 5 85/86 82/85 79/78 85/78
4 . 0 84/83 79/80 80/80 76/79
4.5 87/84 83/85 83/76 75/75
5 . 0 81/86 81/82 81/80 81/80
5 . 5 84/84 82/82 81/78 80/78
6 . 0 88/85 86/84 82/78 80/80
6.5 87/85 84/83 80/81 85/-
7 . 0 86/84 80/86 81/80 80/79
7.5 85/85 83/86 79/85 85/80
8 . 0 82/83 83/80 77/- 83/84

Mouse C4 

Age (months) E B T G

3 . 0 68/70 62/64 61/62 69/70
3 . 5 71/68 64/61 61/65 67/70
4.0 62/64 57/62 57/63 61/71
4.5 66/69 65/64 65/63 68/67
5 . 0 S 6 /7 2 64/56 62/64 66/66
5 . 5 65/71 60/63 64/65 68/68
6.0 65/62 61/63 61/67 59/65
6.5 68/75 68/74 67/69 64/68
7 . 0 63/68 64/66 68/64 62/66
7.5 64/64 62/63 63/71 63/-
8 . 0 65/66 62/66 63/65 59/-



APPENDIX III

Experiment 3. continued 

Mouse C5

Age (months) E B T G

3 . 0 83/- 76/77 78/72 80/-
3 . 5 73/71 73/74 78/77 78/74
4.0 81/75 78/73 73/76 79/75
4.5 80/80 79/81 77/80 74/74
5 . 0 79/76 76/77 74/71 74/71
5 . 5 80/77 74/77 72/75 73/73
6 . 0 77/80 77/77 69/78 68/75
6.5 80/79 75/78 80/84 76/84
7 . 0 78/80 78/77 77/78 78/85
7.5 75/77 77/75 76/74 75/72
8 . 0 77/75 77/73 79/70 80/73

Mouse C6 

Age (months) E B T G

3 . 0 77/- 73/- 71/- 72/-
3 . 5 77/71 76/73 73/72 67/72
4.0 77/74 72/78 71/83 70/76
4.5 79/80 74/74 68/75 71/72
5 . 0 74/72 73/70 71/75 70/72
5.5 76/80 75/78 73/74 74/66
6.0 70/72 74/73 74/75 69/75
6.5 77/79 75/80 81/- 84/71
7.0 75/78 80/78 79/75 78/68
7 . 5 73/68 74/68 73/72 74/74
a . o 77/75 72/76 74/74 72/77



APPENDIX IV

Mouse LR1

Months after E B T G
repopulation

3.0 17/ 1G 32/33 41/38 24/23
3.5 24/19 30/29 39/41 30/31
4 . 0 27/30 31/33 40/39 36/32
4.5 37/28 39/40 38/42 34/41
5 . 0 4G/43 4 6/40 57/53 43/-
5 . 5 49/51 35/38 47/4G 50/50
6 . 0 43/50 43/48 53/51 51/53
6 . 5 61/ 6-1 42/39 51/50 54/57
7 . 0 65/G2 47/47 5G/59 59/69
7 . 5 66/71 52/45 57/52 65/61
8 . 0 66/71 44/47 52/G0 71/68
8.5 G9/G7 52/45 59/51 69/65

10.0 78/79 G3/G3 G2/G2 66/68
11.0 72/77 G9/70 70/69 77/69

Mouse LR2

Months after E B T G
repopulation

3 . 0 18/11 41/35 48/50 6/0
3 . 5 0/0 24/28 44/42 0/0
4.0 0/0 39/37 54/54 0/0
4.5 0/0 17/23 19/23 0/0
5.0 0/0 31/32 33/32 0/0
5.5 0/0 35/29 38/38 0/0
6 . 0 0/0 18/21 25/29 0/0
6.5 0/0 27/32 35/42 0/0
7.0 0/0 32/30 38/39 0/0
7.5 0/0 19/23 33/37 0/0
8 . 0 0/0 30/27 35/34 0/0
8.5 0/0 18/17 27/31 0/0

10.0 0/0 16/13 28/27 0/0
11.0 0/0 7/6 20/18 0/0



APPENDIX IV. continued

Mouse LR3

Months after E B T G
repopulation

3.0 56/56 60/65 42/42 70/64
3 . 5 -/- 78/78 64/58 84/85
4 . 0 79/76 67/73 54/56 82/88
4.5 90/88 87/85 79/72 100/100
5 . 0 92/89 72/75 72/70 100/100
5 . 5 100/100 80/76 61/59 95/94
6 . 0 100/92 84/85 70/71 100/100
6.5 100/100 88/86 76/74 100/100
7 . 0 100/100 85/84 58/64 100/100
7 . 5 100/100 87/90 76/80 100/100
8 . 0 100/100 88/88 67/63 100/100
8.5 100/100 90/92 73/81 97/96

10.0 100/96 92/95 88/88 100/100
11.0 100/90 92/91 81/81 100/100

Mouse LR4

Months after E B T G
repopulation

3 . 0 100/90 68/74 56/60 100/100
3 . 5 100/100 81/80 64/72 100/100
4.0 100/100 78/78 64/61 100/100
4.5 100/100 89/92 78/76 80/79
5 . 0 100/97 82/81 69/74 89/100
5 . 5 100/100 82/76 62/65 100/100
6.0 100/100 80/87 71/76 100/100
6.5 100/100 83/83 73/78 100/100
7 . 0 100/100 79/82 68/70 100/100
7.5 100/100 88/88 75/76 100/100
8.0 100/100 85/88 66/76 -/-
8.5 100/100 88/95 78/84 100/100

10.0 96/100 90/94 81/87 100/95
11.0 100/100 100/100 90/88 -/-



APPENDIX IV. continued

Mouse LR6

Months after E B T G
repopulation

3 . 0 83/100 82/100 84/86 87/85
3 . 5 8 5/- 86/84 82/81 79/80
4.0 82/85 82/79 75/82 78/75
4 . 5 78/70 85/82 86/80 73/70
5.0 78/83 76/81 84/88 56/69
5 . 5 79/76 82/81 83/84 62/59
6 . 0 63/63 70/72 71/74 56/58
6.5 69/68 75/72 76/72 48/48
7 . 0 58/55 69/64 78/68 48/43
7 . 5 59/54 54/59 63/62 34/39
8 . 0 57/57 64/62 72/69 43/40
8 . 5 50/51 56/57 63/62 39/33

10.0 48/43 52/47 54/52 40/33

Mouse LR7

Months after E B T G
repopulation

3 . 0 33/36 48/50 58/58 27/29
3 . 5 30/29 44/41 50/52 28/23
4 . 0 39/33 47/44 52/51 37/27
4.5 15/14 35/33 48/43 16/0
5 . 0 23/- 34/42 50/51 16/13
5.5 15/- 34/53 45/56 44/57
6 . 0 12/9 28/18 27/29 7/10
6.5 16/14 27/35 36/37 9/19
7.0 12/12 36/30 42/36 11/12
7.5 12/13 36/34 44/40 10/13
8.0 14/13 31/30 42/40 11/17
8 . 5 12/8 18/20 28/29 11 -

10.0 13/8 21/17 26/29 13/7
11.0 0/8 24/20 21/26 0/0



APPENDIX V

Mouse HR1

Months after E B T G
repopula tion

3 . 0 42/- 49/46 45/44 40/48
3 . 5 36/37 44/43 46/43 46/36
4 . 0 28/30 35/40 38/36 42/33
4.5 34/29 44/38 -/- -/-
5 . 0 27/28 32/33 35/45 32/45
5.5 42/42 49/50 42/42 40/39
6.0 36/38 40/39 43/41 36/36
6.5 34/31 40/38 44/40 42/35
7 . 0 24/30 35/33 40/38 30/-
7 . 5 32/36 35/43 34/42 38/36
8.0 35/32 40/36 40/43 33/46
8 . 5 33/25 38/30 33/31 29/25

Mouse HR2

Months after E B T G
repopula tion

3 . 0 41/- 36/45 37/41 36/44
3.5 39/- 47/39 47/39 45/33
4.0 26/27 31/32 30/31 30/30
4.5 26/- 37/- 31/39 28/28
5 . 0 27/- 31/46 33/31 27/32
5 . 5 31/28 46/42 40/- 36/37
6.0 30/32 33/34 34/36 30/36
6.5 32/32 36/37 -/- -/-
7.0 26/25 36/31 34/35 27/-
7.5 29/31 36/36 37/40 30/33
8 . 0 29/- 38/- 36/39 34/32
8.5 33/34 37/39 41/37 35/24



APPENDIX V. continued

Mouse HR3

Months after 
repopulation

E B T G

3 , 0 3G/38 46/ 48 46/45 37/41
3.5 42/- 46/- 49/35 44/33
4 . 0 28/30 37/44 45/44 35/40
4 . 5 28/25 31/31 32/35 24/28
5.0 33/37 36/38 36/45 29/37
5 . 5 35/35 43/46 42/43 -/-
6 . 0 31/23 38/40 38/40 30/29
6 . 5 37/35 48/38 49/43 39/36
7 . 0 35/27 40/33 40/41 41/36
7 . 5 38/35 36/30 43/45 35/38
8 . 0 27/27 38/34 38/32 32/23
8 . 5 29/31 37/34 37/38 35/37

Mouse HR4

Months after 
repopulation

E B T G

3.0 36/- 36/40 42/39 39/42
3.5 43/34 44/40 45/42 41/41
4.0 33/34 38/39 42/41 37/36
4.5 -/- 28/44 39/50 35/45
5 . 0 35/41 36/36 37/37 40/-
5 . 5 38/38 44/44 41/45 39/-
6.0 32/34 34/39 38/42 29/35
6.5 40/38 39/43 49/46 43/-
7 . 0 34/34 38/36 42/38 35/36
7.5 38/37 36/41 39/42 29/34
8.0 29/27 37/31 44/33 41/25
8.5 30/34 38/36 43/43 37/34
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APPENDIX V. continued

Mouse HR5

Months after 
repopula tion

E B T G

3 . 0 37/37 36/44 42/47 38/47
3 . 5 43/37 37/38 38/43 31/36
4.0 32/34 34/34 33/39 44/35
4.5 30/38 29/39 28/- 28/41
5.0 33/37 43/42 38/- 40/-
5.5 39/38 43/42 45/42 43/37
G . 0 38/38 38/34 37/37 35/34
6.5 40/38 40/- 38/37 42/34
7 . 0 33/3G 41/46 40/33 38/32
7.5 47/30 48/33 44/27 40/31
8 . 0 39/33 35/39 38/45 28/34
8.5 29/36 33/33 36/32 37/34

Mouse HR6

Months after 
repopula tion

E B T G

3.0 30/35 38/44 40/37 33/34
3.5 34/- 45/- 37/43 36/39
4 . 0 25/33 33/37 33/34 23/33
4.5 34/- 24/- -/- -/-
5 . 0 32/27 26/34 30/37 36/-
5 . 5 32/34 34/36 35/37 32/36
6 . 0 35/31 30/26 35/32 30/27
6.5 34/33 34/36 38/38 32/33
7 . 0 30/27 33/32 33/40 31/39
7 . 5 33/28 36/33 34/- 36/-
8.0 27/36 33/32 38/34 28/30
8.5 27/29 32/33 28/33 32/33
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Mouse 9 11 12 14 16 18

Tissue Age 4mo . 5mo . 6mo . - 4.5 m o . 3mo

erythrocytes 61/65 73/- 63/- 60/63 37/32 62/69
Thymus 60/55 69/- - 66/- 41/37 59/60
Bone marrow (BM) 54/56 59/- - 62/61 32/35 60/65
Spleen (SPL) 78/74 72/- 64/- 78/78 63/61 77/75
Lymph node (LN) 65/60 69/- - 64/66 37/41 68/70

LN mlg 59/62 68/- 54/- - - 62/65
LN mlg+ 91/100 100/- 100/- 100/- - 100/100
SPL mlg - - - - - 62/64
SPL mlg+ - - - - - 100/100
BM mlg - - - 57/- 25/31 52/58
BM mlg+ - - - 79/- 42/39 73/74
BM 14.8 dull 51/56 64/- 60/- - 27/30 56/58
BM 14.8 bright 48/54 74/- 70/- - 51/53 64/63

Granulocytes 62/61 68/- - - - -
PBL slg 67/- 58/- - - -
PBL sIg+ 82/- 100/- - - -

Kidney 62/-
Brain 63/64
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APPENDIX V I . continued

Mouse 19 22 23 24 27 28

Tissue Age 1 mo. G w k . 1 mo . 5.5 m o . 6mo . 2wks

Erythrocytes 64/61 48/53 77/- 60/- 73/77 65/63
Thymus G3/58 - - 54/- 74/73 59/61
Bone marrow G9/G7 - 84/- - 74/74 51/-
Spleen - 59/59 84/- 67/- 76/84 60/66
Lymph node 55/56 - 84/- 60/- 78/80 42/48

LN mlg 5G/54 46/49 83/81 67/65 72/76 48/46
LN mlg+ 87/- 88/84 8 6/- 82/88 100/94 60/64
SPL mlg" 56/55 42/48 81/79 74/68 77/78 43/53
SPL mlg+ 74/- G5/75 90/86 79/79 100/95 62/65
BM mlg G6/G8 40/35 75/75 61/62 74/76 47/44
BM mlg+ G8/74 48/45 76/77 66/- 86/90 45/46
BM 14.8 dull 60/72 42/44 78/74 53/- 73/78
BM 14.8 bright GG/72 45/45 80/- 57/- 79/-

Kidney - 66/-
Brain G5/G4 -
Granulo cytes 52/52
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APPENDIX VI continued

Mouse 

Tissue Age

25 

11 wk .

29 

3.5 m o .

30

6wks .

31

6wks .

32

6wks .

33

6 m o .

Erythrocytes 61/- 65/66 51/57 62/64 61/64 61/63
Thymus 73/71 74/68 59/60 62/60 61/60 62/71
Bone marrow 65/63 70/64 55/55 59/62 64/67 52/60
Spleen 74/- 82/85 67/67 74/77 64/65 86/84
Lymph node - 71/68 61/62 62/68 56/56 68/68

LN slg“ - - - - - 75/70
LN slg+ - - - - - 89/86
SPL slg' - - - - - -
SPL sIg+ - - - - - -
BM slg' 66/73 63/68 48/51 55/55 63/61 57/56
BM slg+ 70/72 80/81 50/56 66/65 72/70 66/-
BM 14.8 dull 67/68 62/64 43/45 52/50 57/64 54/56
BM 14.8 bright 67/68 76/69 53/59 61/61 64/61 51/62
Granulo cytes 70/73 52/52 - - - -

Two Col. SPL -ve 72/- 70/71 58/58 62/65 60/57 71/66
P o p . I 100/- 100/100 97/100 96/100 100/100 100/101
Pop. II 94/100 100/100 77/81 90/94 92/93 100/101
Pop. Ill 92/100 91/88 68/74 87/89 84/88 100/101
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Mouse 34 38 39 40 41 43

Tissue Age 2wks . 1 7 mo . 2wks . 2wks . 18 m o . 18 m o .

Erythrocytes 62/72 52/- 62/- . 48/50 _

Thymus 72/76 54/52 - - 45/50 -
Bone marrow 66/65 - - - 61/53 -
Spleen 76/76 84/84 62/66 60/- 78/79 -
Lymph node 75/78 - - 46/50 56/60 -

LN slg 75/76 62/59 66/52 59/55 54/58 77/81
LN slg+ 89/86 100/100 53/60 64/59 87/81 100/100
BM slg 67/66 73/63 55/44 61/54 36/43 73/69
BM slg+ 71/72 92/100 - 60/- 81/81 93/94
BM 14.8 dull - 76/69 - - 33/40 75/78
BM 14.8 bright - 86/100 - - 73/75 -

PBL slg" - 53/55 - - 48/51 -
PBL slg+ - 83/84 - - 73/75 -

Two Col. SPL -ve 61/67 67/61 58/53 62/57 86/80
P o p . I 100/100 - - - 100/100 100/-
Pop. II 89/93 - 8 3/- 81/81 100/100 100/-
Pop. Ill 85/82 - 66/52 58/58 100/100 100/-
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Mouse 44 45 46 47 48

Tissue Age 13mo . 3mo . 12mo . 20mo . 1 4mo .

Erythrocytes 70/71 71/70 74/70 87/87 84/89
Thymus 66/72 56/52 73/69 - 85/86
Bone marrow 61/60 58/59 64/69 82/83 -
Spleen 82/85 79/76 79/81 94/- 89/89
Lymph node 66/69 66/62 65/- 90/- 86/86

LN slg” 62/62 - - - 87/86
LN slg+ 100/100 - - - 100/100
SPL slg” 63/64 - 66/65 83/82 83/86
SPL slg* 100/100 - 91/93 100/100 100/100
BM slg” 49/52 - 66/65 77/77 85/78
BM sIg+ 83/85 - 86/88 87/87 100/94
BM 14.8 dull 49/49 - 59/59 77/79 88/86
BM 14.8 bright 79/79 - - 84/80 94/-

Granulocytes 71/66
PBL slg” 70/65
PBL slg+ 85/80



APPENDIX V I . continued

Control mice 

Mouse 

Tissue

10

Gwks .

13 20 

4 m o .

T- 
O
 

CM 
g

42 

1 6 m o .

49 

2wk .

50 

2wk .

Erythrocytes 53/54 87/- 75/- 67/64 60/68 64/60 84/81
Thymus 46/51 89/- 74/78 59/58 74/- 51/55 74/75
Bone marrow 52/50 89/- 71/72 52/51 70/67 63/58 78/79
Spleen 53/52 82/- G1/6G 57/56 68/70 58/57 79/74
Lymph node 42/4G - 71/72 64/57 63/68 - -

LN slg" 44/42 88/- 59/- 59/62 71/66 - -

LN slg+ 50/45 88/- G 1 / - 60/61 66/69 - -
SPL slg' - - 70/GG 61/61 - 58/52 74/75
SPL sIg+ - - 66/67 58/64 - 58/52 80/80
BM slg - - 64/- 50/54 69/65 63/61 81/78
BM slg+ - - 62 / - 54/56 61/66 56/51 79/75
BM 14.8 dull 54/48 - 66/ - 5 3/51 68/64 - -

BM 14.8 br 54/50 - 65/- 52/54 68/66 - -

Granulocytes 5G/53 - - - 64/67 - -

PBL sIg~ - 83/- - - - - -

P8L sIg+ - 81/- - - - - -

Two Col.
SPL-ve - - - - 70/63 - -
P o p . I - - - - 66/65 - -
P o p .II - - - - 64/63 - -
Pop. Ill - - - - 74/79 - -
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APPENDIX VII

An example of a 6ENSTAT input file for the analysis of the data 
in Chapters 4 and 5 of this thesis. This example is the analysi 
of 6 mice, 4 bleeds per mouse and 2 replicates per bleed. The 
programme can be altered according to sample number.

REFERENCE' MOUSEBLOOD 
UNITS' $ 48 
'VARIATE ' SCORE 
FACTOR' MOUSE $ G : BLEED $ 4 : GEL $ 2 
INPUT' 2
READ' MOUSE, BLEED, GEL, SCORE $ F, (1,1X ) 3 , 2 , /
INPUT' 1
BLOCKS' MOUSE/BLEED/GEL 
ANOVA' SCORE 
' RUN '
'C L O S E '
' STOP

An ex ampi

1 1 1 G5
1 1 2 67
1 2 1 68
1 2 2 69
1 3 1 65
1 3 2 70
1 4 1 67
1 4 2 68
2 1 1 66

6 3 1 69
6 3 2 62
6 4 1 65
1 4 2 67
' EOO '

The command on EMAS is:

GENSTAT INPUT FILE NAME, DATA=DATA FILENAME, LISTING=OUTPUT FILE
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I. The H em atopoietic System
The hem atopo ie t ic  system  produces  large num bers  of var iously  dif­

fe ren tia ted  cells th ro ug hou t  life. These  inc lude  erythrocytes, g ran­
ulocytes , m acrophages , p latele ts , osteoclasts, Langerhans cells, mast 
cells, and  lym phocytes . Clearly, most, if not all, of these cells are re la t­
ed in som e w ay  to the  p rop e r  function ing  of the im m u n e  system. It is
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generally  be l ieved  that all of th em  are u lt im ate ly  derived from a com ­
m o n  ancestra l cell, the so-called p lu r ipo ten t  s tem  cell.

The  p u rp o se  of this pap er  is to d iscuss  w hat is k n ow n  about the 
con ven ien tly  te rm ed  " s t ru c tu r e ” of hem atopo ie t ic  cell populations. 
The w o rd  “ s t ru c tu re ” is not used  here  in an anatom ical sense. Rather, it 
concerns  the size, tu rnover, an d  in te r re la t io nsh ips  of the various com ­
partm en ts .  To a large extent we shall be dealing, d irectly  or by im p lica ­
tion, w i th  the s tem  cell com partm en t.

II. Stem  Cells

A. T he Concep t
A precise  de f in it ion  of a s tem  cell is difficult to formulate. A recent 

def in it ion  (Lajtha, 1979) is “ cells w ith  extensive se lf-m ain ta in ing (self­
renewal) capacity , ex tend ing  th ro ug hou t the w hole  (or most) of the 
l ifespan of the o rg an ism .” T he  co m m en t follows that “ d ifferentia tion 
po ten tia l  is a p rop erty  of som e types of s tem  cell but is no t an essential 
feature of s tem -n e ss .” This  def in it ion  is adequate  for our  presen t p u r ­
poses. The  in s is ten ce  on self-renew al as the essential p roperty  of stem 
cells does, how ever, involve a possib le  paradox. There  is no th ing  at 
p resen t to exc lud e  the  poss ib i l i ty  that an im als  are prov ided  w ith  a 
stock of p lu r ip o te n t  h em atopo ie t ic  progenitor cells du ring  ontogeny 
and  s im p ly  use  th em  up  in series th ro ug hou t life. Each of these  cells 
m ight p rod uce  large c lones (i.e., there  m ight be am plif ica tion  steps at 
one or several stages in the d iffe ren tia tion  of the clone); bu t each clone 
w o u ld  be d o om ed  to ex t in c tio n  w ith in  som e m ore or less precisely  
p red e te rm in ed  time. T hus, the progen ito r  pool w o u ld  be con tinua l ly  
reduced  an d  non-se lf-m ain ta in ing , a l though  doub tless  m ore than ad e ­
quate  in size for the  a n im a l’s lifetime requirem ents .  Such  progenitor 
cells w o u ld  no t be s tem  cells in the  strict sense of the defin ition , and  
the ad u l t  an im al w o u ld  not in fact possess any s tem  cells. This  is 
s lightly  m ore th a n  a m ere  sem antic  qu ibb le  since it draw s a tten tion  to a 
m ode l of hem atopo ies is  w h ic h  is rarely  cons idered , yet is conceivable 
in the  con tex t of exis ting  know ledge  an d  has the  a tt rac t ion  (Cairns, 
1975) of lim iting  the  im pac t of any D N A-copying errors to the lifetime 
of the clone. W e do no t w ish  to su p p o r t  th is  idea against any others, but 
m ere ly  to in t ro d u ce  it as part of the  background  for the following 
discuss ion .
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B. S tem  Cells and  CFC-S
Since the in t ro d u c t io n  of the sp leen  colony tech n ique  (Till and  Mc- 

Culloch, 1961), it has becom e co m m o n  to equate  s tem  cells w i th  cells 
that form sp leen  co lon ies (CFC-S). This  equation , a l though  conven ien t,  
is u n d o u b te d ly  too sim ple . M any investigations .have dem onstra ted  
that CFC-S are heterogeneous. Most im portan t ,  som e appear  to have 
little or no capacity  for self-renew al an d  can p rod uce  on ly  sm all de­
sc en d en t  clones. Conversely , the m ore h igh ly  se lf-renew ing CFC-S may 
form co lon ies  on ly  after several d a y s ’ delay (Hodgson and Bradley, 
1979; Magli et al., 1982). An ex tens ion  of this latter f ind ing  w ould  
suggest the  ex is tence  of s tem  cells w h ic h  do no t form sp leen  colonies at 
all— a possib i l i ty  p rev iou sly  suggested on o ther  g rounds (Schofield, 
1978; M icklem  and  Ross, 1975).

C. P lu r ip o tency
1. P lu r ip o te n cy  versus Sequen tia l  B ip o ten cy

In vitro  c lon ing  m e th ods  have  con firm ed  older  in v ivo  ev idence  for 
the exis tence  of p lu r ip o te n t  s tem  cells (Metcalf et al., 1979). It is still 
uncerta in ,  how ever, w h e th e r  any in d iv id u a l  cell is tru ly  p lu r ipo ten t,  or 
w h e th e r  there  is a p rog ram m ed  sequence  of b ipo ten tia l  cells, the p ro ­
gression from one to the  next invo lv ing  cell d iv ision , a “ quantal cell 
cyc le” (Holtzer, 1978). Existing ev idence  is consis ten t w ith  the latter 
hy po thes is  (Lord, 1983).

2. L ym p h o p o ie s is
The der iva tion  of ly m pho cy tes  from p lu r ipo ten t  stem  cells, 

suggested by in vivo s tud ies , has yet to be dem o nstra ted  in vitro. Abra­
m son  et al. (1977) have suggested that considerab le  pow ers  of self­
renew al m ay reside  in cells a lready  restric ted  to T-lym phocy te , B-lym- 
phocyte , or n o n ly m p h o id  differen tia tion . Their  s tudies  were based on 
analysis  of in vivo c lones m arked  w ith  un iq ue  rad ia t ion -ind uced  chro­
m osom e translocations. T heir  data clearly show  that at any one m o­
m ent, d ifferent func t iona l cell com p artm en ts  m ay be p red o m in an tly  
p o p u la te d  by different clones. However, s ince the tu rnover  rate of cells 
w i th in  these co m p ar tm en ts  is not the same, the c lonal com posit ion  of 
(for exam ple) bone  m arrow  cells and  PHA- or LPS-responsive cells in 
blood cou ld  get out of step. In other words, the data cou ld  be in ­
terpre ted  in te rm s of a success ion  of tru ly  p lu r ipo ten t  clones, rather 
th an  se lf-m ain ta in ing  u n ip o ten t  clones. The  question  cou ld  be com ­
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plete ly  reso lved  on ly  by long itud inal  s tudies  of ind iv id ua l  anim als, 
w h ic h  w o u ld  be ex trem ely  taxing to perform  w ith  the chrom osom e 
m arker m ethods .  T here  is reason  to th ink, how ever, that the clonal 
m akeup  of hem atopo ies is  in these  h ighly abnorm al anim als  is change­
able (see Section  V). T hus, w h ile  there is no a priori reason why stem 
cell p ropert ies  sh o u ld  necessar ily  be linked  to p lu r ipo tency , existing 
ev idence  for in v ivo  dep a rtu res  from this linkage is not strong.

III. H ow M any Cell Generations?
A. T he  Hayflick Limit

This  qu es tio n  w as orig inally  posed by Kay (1965) in  the wake of 
Hayflick 's early  ev iden ce  for the l im ited  life span  of d ip lo id  fibroblasts 
in vitro. S uch  cells were  found  to be able to go th rough  only som e 50 
doublings before the cu l tu res  s to pp ed  proliferating and  died. Is there a 
“ Hayflick l im i t” in vivo, arid if so, ho w  can a c o n tinuo us ly  p roductive  
system  su c h  as hem atopo ies is  avoid infringing it?

B. S teady-State D em an ds  on the S tem  Cell Pool
The scale of the prob lem  can be gauged by estim ating  e ither the daily 

ou tp u t  of b jood cells or the  tu rn o v er  of CFC-S. An adu lt  m ouse  needs to 
p roduce  3 x 10s ery th rocytes  each  day u n d e r  s teady-state  conditions. 
These com e off a p ro d u c t io n  line es tim ated  at 1 2 -1 4  div isions (Testa, 
1979). F ou rteen  doub lings  from a single cell w ill p rod uce  214 or about 
16,000 cells. T hu s  about 24,000 progenitors  are needed  each day for 
erythropoiesis . The  CFC-S c o m p artm en t  in a m ouse num bers  about 3 x 
105 cells, of w h ich  som e 20% (the estim ates vary considerab ly  acco rd ­
ing to experim enta l  conditions)  en ter  the cycle each  day (Lord, 1983). 
The estim ates for cycling  CFC-S and  ery th ro id  progenitors  are thus of 
the sam e order. Indeed , these  cells are probably  closely related or even 
overlapp ing  sets, a l tho ugh  the CFC-S m ust also prov ide  progenitors for 
the o ther  lines of b lood cell.

If 20% of CFC-S are ren ew ed  each day, and  if the com partm en t is 
regarded as ho m ogen eou s ,  th en  each CFC-S will d iv ide  on the average 
of once every 5 days. A laboratory m ouse  (e.g., CBA) lives about 1000 
days, d e m an d in g  200 div isions  of each CFC-S. It has been d em o n ­
strated that the  proliferative capacity  of stem  cells from very old mice is 
as good as in young  mice (Lajtha and  Schofield, 1971; Ogden and 
Micklem, 1976; Harrison, 1983).
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C. Reserve C apacity  of the S tem  Cell Pool
Already th is  perfo rm ance  is m u c h  better than  w ould  be predic ted  

from the in vitro  behavior  of fibroblasts, but in fact the system  is also 
capable  of h an d l in g  m assive  d em an d s  over and  above those of the 
s teady  state. Ross et al. (1982; E. A. M. Ross, u n pu b lished )  exposed 
CBA mice repea ted ly  to h y d rox yurea  at a dose w h ich  reduced  bone 
m arrow  ce llu la rity  an d  CFC-S nu m b ers  by 70%. This  was done up to 37 
tim es at 3-week in terva ls  and  at the end  the num bers  of CFC-S and  their 
proliferative capacity  w ere  as h igh  as in  sa line-in jected  contro ls  or in 
young mice. Valeriote an d  T o len  (1983) ob ta ined  s im ilar  results with 
the a lkyla ting  agent tr ie thy lenem elam in e .  Serial transp lan ta t io n  tech­
n iques  also a llow  the hem atopo ie t ic  system  to be s tre tched  far beyond 
its usua l l imits  (Barnes et al., 1958; O gden and  M icklem , 1976; Harri­
son, 1979), a l tho ugh  here there is an even tua l loss of efficiency due to 
the t r an sp lan ta t io n  p roced ure  itself (Ross et al., 1982; Harrison and 
Astle, 1982).

In short, if the CFC-S co m p artm e n t  is hom ogeneous, i.e., consists  of 
cells all equa lly  likely to en ter  the cycle, then each cell m ust be capable 
of far m ore th an  200 div isions  w ith  no apparen t loss of efficiency.

D. The Clonal S uccess ion  H ypo thesis
As Kay (1965) po in ted  out, the above num ber, how ever, w o u ld  be 

greatly re d u ced  if hem atopo ies is  were based on the  successive  e x p a n ­
sion and  dem ise  of large clones. This  w o u ld  involve ra ther  in frequent 
d iv isions  of rare c lonogen ic  cells. On this hypo thesis ,  the bulk of the 
CFC-S w o u ld  be regarded as a transit  popu la tion ; the true se lf-m ain­
ta in ing s tem  cells w o u ld  be a sm all subse t of CFC-S, or even a pre-CFC-
S. The im p lied  he terogeneity  of the  s tem  cell/CFC-S co m p artm en t is, in 
fact, su p p o r ted  by data  from m any  laboratories (Worton ei al., 1969; 
M icklem  et al., 1972; Schofie ld  and  Lajtha, 1973; Rosendaal et al., 
1976; H odgson  and  Bradley, 1979; M onette  and Stockel, 1981; Ross et 
al., 1982; Botnick et al.. 1982). A repeated  f ind ing has been that the 
cells m ost resis tan t to cycle-active drugs are those w ith  a high capacity  
for self-renewal.

E. A n Age S truc tu re  for S tem  Cell Popula t ions
T hese  data  have led  to the  now  w ide ly  accep ted  idea that the stem 

cell com p ar tm en t  has an  age s tructure , the c lonogenic  capacity  of an 
in d iv id ua l  cell being in f luenced  by the  nu m b er  of d iv isions through 
w h ich  it has a lready  passed  (M icklem and  Ogden, 1976; H eilm an  et al.,
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1978; Rosendaa l et al., 1979). Tw o p red ic tions  follow from this idea: (1) 
The  n u m b e r  of cell c lones in the bone m arrow  m ay be relatively small, 
co m p ared  w ith  the n u m b e r  of CFC-S in cycle; and  [2) the identity  of 
these c lones m ay change  w ith  time.

IV. Evidence on H em atopoietic Clone Numbers
A. Bone M arrow

1. C hrom osom e M arker  S tud ies  in C him eric  Mice
The first ev id en ce  that hem atopo ies is  in the m ouse  can in fact be 

su p p o r ted  by a very sm all n u m b er  of c lones cam e from Barnes et al. 
(1959), w h o  s tu d ied  long-term surv ivors  of a near-le thal dose of ion iz­
ing rad ia t ion . Som e of thpse an im als  carried  cells w i th  un iq ue  ka­
ryotypes in the ir  bone  m arrow  an d  in one in d iv id u a l  v irtually  all the 
d iv id ing  h em atopo ie t ic  cells belonged to a single clone. These mice 
were  sm all in  n u m b e r  a n d  h igh ly  abnorm al in character, but they estab­
lished  the  po ten tia l  for oligoclonal hem atopo ies is .  A ttem pts  were sub­
sequen tly  m ade  to es tim ate  c lone  num bers  in irrad ia ted  mice trans­
fused w ith  bone  m arro w  cells (Wallis et al., 1975; M icklem  and  Ross, 
1975). Using the  T6 m arker  ch rom o so m e system , it was possible to set 
up  ch im eras  w ith  tw o do no r  cell popu la t ion s  d is t ingu ishab le  from 
each other  a n d  from the host. It was sh o w n  that the p resence  or absence 
of T6 m arkers  d id  no t affect the  fitness of the cells, as m easured  by their  
prolifera tive  capac ity  (M icklem et al., 1975). T he  p r in c ip le  was to use 
the b inom ia l  fo rm u la  n =  p ( l - p ) / s 2 to estim ate  the n u m b e r  (n) of 
prolifera ting  c lones  presen t in a given tissue; p and  (1 — p) are, respec­
tively, the p rop or tio ns  of donor-1 an d  donor-2 m itoses observed, and  s2 
is the variance of p. Both laboratories found  tha t n varied  w ith  the 
n u m b e r  of cells in jected  (Table I). These  figures suggest the  p resence  of 
about one c lone  per fem ur for each  106 cells (103 CFC-S) injected. Since 
various error factors beside  the  b inom ial variance w ill  have con tr ibu ted  
to the  observed  values of s 2, these  experim en ts  will have ten ded  to 
u n d e res t im a te  n, th ou gh  by h o w  m u ch  is no t clear. A n o the r  problem  
w ith  the  in te rp re ta t ion  of such  data is tha t one does not know  exactly 
w h a t  is be ing  m easu red . Both the  n u m b er  of stem  cells that in itia lly  
seed the  re c ip ie n t’s d ep o p u la ted  m arrow  spaces, an d  the nu m ber  of 
de sc en d an t  c lones  tha t  h a p p e n  to be active at the  tim e the anim al is 
k illed for cytological s tudy , cou ld  be es tim ated  by this m ethod; the 
ca lcu la ted  va lue  of n w ill  m ain ly  reflect w h ich ev er  of these num bers  is
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Estimated N um ber of Clones Present in Femoral Bone Marrow of 
I r rad ia ted /R epopula ted  Mice (T6 System]"

TABLE 1

N um ber of cells 
injected (x 1 0 - B)

N um ber of clones 
per femur

Clones per femur per 
10B cells injected

2 8 -1 5 4 .0-7 .5
5 7 1.4

40 3 5 -5 4 0.9-1 .4
50 43 0.9

“Data from Wallis et al. (1975) and Micklcmi i;t of. (1975).

the smaller. O nly  repea ted  s tud ies  of in d iv id ua ls  can resolve this 
problem .

2. A l loenzym e Marker S tu d ies  in Ch im eric  Mice
The adv en t of an X -linked enzym e m arker (Nielsen and  Chapm an, 

1977) has m ade  such  s tud ies  practicable  in the m ouse. The m arker is 
prov ided  by an e lec trophore tic  varian t of phosphog lycera te  kinase 
(PGK-lA). We have back-crossed this onto the CBA strain. Due to the 
p h e n o m e n o n  of X inac tiva tion  early in em bryogenesis, any cell of a 
heterozygous female expresses  e ither  the varian t or the norm al 
(PGK-lB) form of the enzym e, not bo th  (Lyon, 1974; M onk and  Harper, 
1979). Overall, app ro x im a te ly  70% of som atic  cells in our s tock express 
the A form an d  30% the  B form. This  un equ a l  express ion  is due  to close 
linkage be tw een  the PGK-1 locus and  the X ce  locus w h ich  controls  the 
probability  tha t a pa r t icu la r  X ch rom o so m e will be inactivated  (John­
ston an d  Cattanach, 1981).

CBA (PGK-lB) m ice w ere  le tha lly  irrad ia ted  (10.5 Gy) and  injected 
w ith  10s or 107 n u c lea ted  bone m arrow  cells from CBA-PGK-lAB he t­
erozygotes. O ne  d rop  (about 50 p.1) of blood was taken, no rm ally  at 2- or 
4 -w eek in tervals , s tar ting  at 10 weeks after ir rad ia t ion /repop u la t io n .  
Lysates were  p re p a red  from  the  w hole  blood an d  assayed for their  
re lative con ten t of the  two enzym es by a m odifica tion  of the m e th od  of 
Bucher  et al. (1980) (Ansell an d  M icklem , 1984). Data are sho w n  in 
Table II. In con fi rm a tion  of the ch rom o so m e m arker  data, there  was 
clearly  m ore var ia t ion  be tw een  m ice that had  received the low er dose 
of bone  m arrow . T hree  of the  m ice in fact s tab ilized  at 100% A type. 
Since the probability  of hav ing  >  n s tem  cells, all of w h ich  are A type, 
is 0 .7n, th is resu lt  strongly  suggests that the entire  hem atopo ie t ic , or at
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Fluctuations in PGK Alloenzym e Ratios in CBA Mice af-ter Lethal Irradiation (10.5 Gy) 
and Injection of Large (107) or Small  (105) Doses of CBA-PGK-1AB Bone Marrow

TABLE II

Cells
injected

Mouse
no.

PCK-1A in blood cells ;il weeks postirradiation (% I

10 18 28 40 48 56

107 1 74 62 81 76 68 77
2 71 59 71 67 76 83
3 70 72 83 75 79 85
4 65 69 79 85 69 74

105 1 92 51 26 27 53 —

2 61 56 47 44 49 28
3 68 100 100 100 100 100
4 82 100 100 100 100 100

least e ry th ropo ie tic , system  is p o pu la ted  by very few clones. The te n ­
dency  for the  p rop or t io n  of B-type enzym e to increase in som e mice 
m ay be due  to recovery  of host hem atopo ies is .  Such  recovery, even 
after sup ra le tha l  irrad ia t ion , is qu ite  co m m o n  w h e n  only  sm all n u m ­
bers of restorative  bone  m arrow  cells have been injected. Its extent can 
be m on ito red  in  the fu ture  by the  use  of a second  enzym e marker, 
ph osp hog lu cose  isom erase  (PG1) (Chapm an el al., 1972). Recipients of 
the 100-tim es-higher cell dose sh o w ed  a rela tively  sm all am ou n t  of 
varia tion  a ro u n d  the  expec ted  figure of 70%. In pr inc ip le , such  data 
a llow estim ates  to be m ade  of two num bers:  (1) the n u m b e r  of re­
po p u la t in g  s tem  cells, de r ived  from the group variance be tw een  mice; 
and  (2) the  n u m b er  of h em atopo ie t ica lly  active clones, der ived  from the 
variance a ro u n d  the m ean  for each  in d iv id ua l  mouse. From this small 
series of an im als  the nu m bers  m ust be regarded as very app rox im ate  
(Stone, 1983), bu t are 330 for the repop u la t in g  cells and 3 1 -1 1 0  for the 
active clones, after r ep o p u la t io n  w ith  107 cells. T he  repop u la t in g  cell 
figure, in  par ticu lar ,  m ay  be an u n deres t im a te  since the variance on 
w h ich  it is based  is w i th in  the range found  in  repea ted  analyses of a 
single sam ple  (see Table III).

3. A l loenzym e M arker  S tud ies  in N orm al Mice
The sam e k inds  of ca lcu la t ion  can be ap p lied  to repea ted ly  bled 

norm al PG K -l-he terozygous females. Here, the in ter-m ouse  variance 
represen ts  thé  n u m b er  of X-inactivated cells that seed  the h em ato p o ie ­
tic co m p a r tm e n t 'o f  the  early  em bryonic  m esoderm . The in tra-m ouse
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Estimates of Hem atopoiet ic  Clonality in CBA-PGK-1AB Heterozygous Female Mice

TABLE III

Single bleeds 
from 100 mice

Serial0 bleeds 
from 4 mice

Repeats of a 
single sa m p le b

Mean PGK-1A (%) 72 6 8 -7 3 7 1 -7 3
Variance 98 4 .0 -20 .0 1.2-8 .3
Estimated c lone  n u m b er  (n) 19 9 9 -5 0 0 (239-1603)

uTen bleeds at 4-week intervals.
’’Four samples each run nine times. The range of values obtained with the four samples is shown.

variance m ay a llow  an estim ate  of the average nu m ber  of hema- 
topo ie tica lly  active c lones and  perhap s  indicates  the rate of clonal suc ­
cession. O ur in itia l a t tem p t to do this (Burton et al., 1982) suggested 'the 
existence of a rap id  success ion  of large hem atopo ie t ic  clones. This 
in te rp re ta tion  w as  based on a h igh  in tram ouse  variance w i th  occasion­
al very sharp  changes in the A : B enzym e ratio. Regrettably, it is now 
clear that the  ap p a ren t  s u d d e n  changes, together w ith  a part of the 
overall variance, were a tt r ibutable  to technica l  problem s. We now  find 
that the in tram o use  var iance  is sm all and  not m uch  in excess of the 
variance of repea ted  runs  of the sam e sam ple. Thus, it m ay prove im ­
possible to es tab lish  any reliable estim ates of hem atopo ie t ic  clone 
num bers  in norm al mice. The  in te rm o use  variance is, how ever, sub ­
stantial (Table III) and im plies  that roughly 20 X-inactivated cells co n ­
tr ibuted  orig inally  to the hem atopo ie t ic  system, a resu lt that agrees 
quite  well w i th  F ia lk o w ’s (1973) estim ate  for man. This  figure cou ld  be 
a slight u n deres t im a te  if X inac tiva tion  occurs before the d ifferentia tion 
of the hem atopo ie t ic  system.

B. T he  T hy m u s
In le tha lly  ir rad ia ted  m ice  rep o p u la ted  w ith  bone m arrow  cells, W al­

lis et al. (1975) found  th a t  very few  donor  cells con tr ibu ted  to the initial 
rep o p u la t io n  of th ym us , possib ly  as few as one per lobe. Since the 
n u m b er  and ex p an s io n  of c lones in the th ym us  has a bearing on the 
genera t ion  of T-cell recep to r  d iversity , w e have tried to estim ate the 
n u m b er  of c lones p resen t  in  the th y m u s  of norm al mice. Seventy  mice 
w ere  s tud ied ,  g roups of five being killed at in tervals from day 16 of 
gesta tion  to 24 m on ths . T he  tw o th y m u s  lobes, as well as femora and  
o ther  tissues, w ere  assayed  in d iv id u a l ly  for the  relative concen tra t ion  
of the tw o PGK a lloenzym es. No significant differences were found
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w ith  time. For the w hole  series, the estim ates  of n were  right thym us 
lobe 10.8, left th y m u s  lobe 11.3, r ight fem ur 9.5, left 11.5. M uch of the 
variance tha t con tr ibu tes  to these  low estim ates  will be due, however, 
to the  l im i ted  n u m b e r  of original X-inactivated cells seed ing  the h em a­
topoietic  system , so the n u m b e r  of active c lones per th ym us  lobe or per 
bone m ay be m u c h  higher. Reso lu tion  of this question  will dem an d  
m eth ods  for seria lly  s tu d y in g  the thym us  or its o u tp u t  of T cells.

V. E vidence for Clonal Succession
A. C him eras

A ra ther  d ram atic  exam ple  of c lonal success ion  was observed m any 
years ago in seria lly  t ra n sp lan ted  bone  m arrow  carrying three clones 
in d iv id u a lly  m ark ed  w ith  un iq u e  ch rom o so m e  rearrangem ents  
(M icklem an d  Loutit, 1966). The data  sh o w ed  large changes w ith  time 
in the relative p rop o r t io n s  of the m arked  clones.

A lthough  u n iq u e  chrom q^om e m arkers at p resen t prov ide  the only 
sure w ay  of iden tify ing  in d iv id u a l  clones, repea ted  a ttem pts  failed to 
p roduce  fu r ther  m ice  w ith  m ore than  one w ell-m arked  and persis tent 
clone. M oreover, these  an im als  are difficult or im possib le  to s tudy  
seria lly  as in d iv id ua ls ,  so tha t the ir  m arrow  cells have to be trans­
planted .

In the  PGK a l loenzym e data sh o w n  in Table II, the shifting fortunes 
of in d iv id u a l  c lones can on ly  be inferred from the changes in A : B 
a lloenzym e ratio. N everthe less, the data dem o nstra te  that the clonal 
com posit ion , at least of e ry th ropo ie tic  cells, m us t  be changeable. This 
can on ly  be seen  clearly  in rec ip ien ts  of sm all nu m bers  of bone m arrow  
cells w h ere  re la tively  few c lones are present.

B. N orm al A n im a ls
The p reced ing  rese rva t ion  app lies  still m ore  strongly to norm al an i­

mals, in w h ic h  m any  c lones are rep resen ted  in the blood. The 45-day 
life s pan  of ery throcytes  im poses  a large “ d a m p ing "  factor on s tud ies  of 
w hole  blood. This  can  be avo ided  by analyzing  cohorts  of short-lived 
cells such  as granu locytes  or re ticulocytes; bu t p re lim inary  experi­
m ents  w ith  FACS-sorted granu locytes  suggest that even w ith ou t  the 
dam p ing  factor the  n u m b er  of active c lones m ay be in conven ien tly  
high. It w ill  be in teres ting  to s tu dy  the pa t te rn  of hem atopo ie t ic  recov­
ery after var ious  k inds  of cytotoxic insults , and  in deed  such  studies  
m ay p rov ide  a critical test of the  ag e -s t ru c tu re  hypo thesis  for h em a­
topoietic  cells.
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1. A bou t 1 0 -2 0  em bryon ic  X -inactivated cells con tr ibu te  to the h e m ­
atopo ie tic  sys tem  in the mouse.

2. T he  n u m b e r  of c lones con tr ibu ting  to hem atopo ies is  at any one 
tim e seem s to be too large to m easure  sa tisfactorily  in the u n sep a ­
rated b lood  of no rm al mice.

3. T he  ex is tence  of c lonal success ion  in  hem atopo ies is ,  w h ile  it is 
im p lied  by the  idea of a s tem  cell h ie ra rchy  an d  by all the evi­
dence  that, con tr ibu tes  to that idea, is not clearly  dem onstrab le  
w i th  presen t tech n iq u es  in the blood of norm al anim als . M arked 
changes  in  c lonal co m p os it ion  are, how ever, observable in ir rad i­
a te d /re p o p u la te d  mice.

The  X-linked PGK system  offers scope  for fu rther  dev e lo pm en t as a 
m arker for hem ato log ica l  and  im m unolog ica l  s tudies . For the first time 
it a llow s estim ates  of c lone nu m bers  to be m ade  in norm al mice. Its use 
in t r a n sp la n ta t io n  exp erim en ts  Will be en h an ce d  in  con ju nc tion  w ith  
the au toso m ally  enco ded  PGI marker. Since assays can be perform ed on 
1000 cells or less; the  enzym e tech n iques  lend them selves  to the s tudy  
of specific  p o p u la t io n s  separa ted  by fluorescence-ac tiva ted  sorting 
w ith  m on oc lo na l  an t ibod ies  or lectins. This  ap p ro ach  w ill facilitate the 
s tudy  of narrow ly  def ined  cohorts  of cells in term s of bo th  their 
c lonality  an d  the ir  l ineage in terre la tionsh ips .

VI. Conclusions and Prospects
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INTRODUCTION

The genesis and maturation of murine B lymphocytes in the bone 
marrow is marked by the sequential appearance of the B-220 molecule, 
cytoplasmic u chains, surface IgM and IgD [1,2]. In the spleen at 
least three distinct populations of B cells can be identified on the 
basis of the relative concentrations of surface IgM and IgD [3]. One 
of these, carrying high IgD and low IgM concentrations, is absent in 
CBA/N mice, which are homozygous for the X-linked immunodeficiency 
(xid) trait [3]. Transplantation of normal bone marrow or foetal 
liver cells into CBA/N mice results in normal B cell development, 
implying that the xid defect is intrinsic to the cells and not 
microenvironmental [4]. Splenic B lymphocytes in female xid/+ 
heterozygotes were recently found to express mainly the non-xid 
carrying chromosome in a population associated with IgG3 production 
[4]: presumably those stem cells in which the xid-carrying X- 
chromosome was active showed at least a partial failure to 
differentiate into B lymphocytes. Thus, the defect appeared to act 
directly on B cells rather than on some other cell type influencing 
B cell development.

In xid/t female heterozygotes, the two electrophoretically 
distinct forms of the X-linked enzyme phosphoglycerate kinase (PGK- 
1A and PGK-lB) can be used as markers of the normal or xid- 
carrying X-chromosome respectively [5]. Using these markers, we are 
now approaching the following questions: (1) how early in B cell 
development does the xid trait express itself? (2) Does the trait 
affect all B cells? (3) Is the development of other haematopoietic 
lineages affected? Partial answers, based on the expression of xid- 
carrying and normal X-chromosomes in haematopoietic tissues and in
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FACS-sorted bone marrow and peripheral lymphoid cells, are advanced 
in this paper.

MATERIALS AND METHODS

Mice. Mice of the inbred CBA/Ca strain and certain lines 
derived from it were used: CBA/N, CBA/Ca-Pgk-1 , PGK-lg 
heterozygous F, hybrids of the above, gnd CBA/Ca-Gpi-1 .
With the exception of the CBA/Ca-Pgk-1 congenic line and the 
hybrids, all other mice have the PGK-1B phenotype. GPI-1 (glucose 
phosphate isomerase) is an autosomally encoded enzyme with 
electrophoretic variants^ normal CBA/Ca and CBA/N mice, and the Pgk- 
1 derivatives are Gpi-1 [6]. All mice were bred and 
maintained in our own animal facilities, and used when 3-4 months 
old. We are indebted to Dr g. J. Marshall for the gift of a breeding 
nucleus of the CBA/Ca-Gpi-1 mice.

Antibodies. The following-were used. 1. Rat anti-mouse B- 
lineage cell antigen monoclonal antibody 14.8 (kindly provided by Dr 
P.W. Kincade). 2. Fluorescein isothiocyanate (FITC)-labelled goat 
anti-rat immunoglobulin antibody (Miles-Yeda), solid phase-absorbed 
with mouse immunoglobulin (used as a second step in 14.8 antibody 
staining ). 3. FITC-labelled goat anti-mouse immunoglobulin 
(Miles-Yeda).

Cells. Animals were anaesthetized with chloroform vapour and 
blood was collected by heart puncture into a heparinized syringe. 
Cell suspensions were prepared from spleen,thymus, subcutaneous and 
mesenteric lymph nodes and bone marrow in RPMI 1640 medium 
supplemented with 0.3% bovine serum albumin (RPMI-BSA). Erythrocytes 
were eliminated from suspensions of spleen and bone marrow cells and 
a portion of the blood b^ hypotonic shock. Suspensions were made up 
to a concentration of 10 viable cells per ml in RPMI-BSA.

Fluorescent staining. 4 x 10^ peripheral blood 
leucocytes, bone marrow, spleen or lymph node cells were stained 
with lOul of FITC-anti-mouse Ig antibody to reveal cells carrying 
surface immunoglobulin (slg). The same number of bone marrow cells 
were incubated first with 20ul of purified 14.8 monoclonal antibody 
and then stained with FITC-anti-rat-Ig antibody. All staining steps 
were performed for 40 mins on melting ice in a volume of 0.4ml RPMI- 
BSA containing 0.1% sodium azide and were followed by three washes 
in cold azide- containing medium.

Bone marrow repopulation. CBA/Ca-Gpi-la male mice-.were 
lethally ganma-irradiated^ (10.5Gy, whole body, from a Cs 
source). Within 3Cmins 10 bone marrow cells were injected 
intravenously into the lateral tail vein . The bon^ marrow cell 
suspension was a mixture consisting either of,4x10 CBA/Ca-Pgk- 
1 plus 6x10 CBA/N (Pgk-1 ) cells or of 4x10



CBA/Ca-Pgk-la plus 6x10 CBA/Ca (Pgk-1 ) cells. The 
first group is referred to as "experimental" and the second as 
"control". Thus, in the experimental group, the xid-carrying cells 
were marked with PGK-lB and were in |n initial 3:2 majority. The use 
of the congenic strain, CBA/Ca-Gpi-1 , as the recipient in 
these experiments allowed us to estimate the host contribution (if 
any) to the cell populations analysed, since all donor cell 
populations have a GPI-1B phenotype [6]. At two-week intervals after 
irradiation animals from both groups were killed and cell 
suspensions from bone marrow, blood, spleen and lymph nodes were 
prepared and stained as described above. Host activity was 
significant only at 2-4 weeks post-irradiation and was allowed for 
in calculating the ratio of the two donors.

FACS analysis and sorting. Stained cell suspensions were 
analysed with a fluorescence activated cell sorter (FACS- IV, Becton 
Dickinson, Sunnyvale, California), on the basis of forward and right 
angle light scattering properties [7] and fluorescence intensity. 
Between 50 and 100 thousand cells were then sorted for enzyme 
analysis.

Measurement of PGK-1 and GPI-1 alloenzymes. These techniques 
were performed as described in full elsewhere [8]. Briefly, cell 
lysates were glectrophoresed on cellulose acetate membranes for 45 
minutes at +4 C (12.5mA/inembrane, constant current) in the case 
of PGK-1 or for lh 2Cmins (350V/inembrane, constant voltage)in the 
case of GPI-1. The activity of both enzymes was visualized in the 
menbranes by means of linked enzyme reactions leading to the 
reduction of the dye thiazoj.^1 blue to its formazan derivative; 
alternatively, wit^PGK-1, C-labelled glucose was included in 
the substrate and C-labelled products were detected by 
autoradiography. Both colour and autoradiographic methods yield 
similar results for the measurement of PGK-1 activity; auto­
radiography, being more sensitive, was used for the analysis of FACS- 
sorted cell samples.The relative proportions of PGK-lA and B were 
then measured on an automated scanning and integrating densitometer 
(Chromoscan 3, Joyce-Loebl, Gateshead, England). Measurements of 
replicate samples showed an accuracy within 5% above or below the 
mean. All experimental samples were run twice or more.

RESULTS

The ratios of PGK-lA to B activity in spleen cells and in 
sorted B lymphocyte populations of xid/+ heterozygotes, were 
consistently higher than in sorted non-B cells and unsorted cells 
from several non-splenic haematopoietic tissues (representative data 
are shown in Table 1). This shows that disproportionately few B 
cells had the xid-carrying chromosome active. Some splenic and
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Table I Percent PGK-1A present in unsorted cell suspensions and 
purified cell populations of +/+. heterozygotes (mice 1 and 2) and 
+/xid heterozygotes (mice 3 and 4).*

+/+ Pgk-1ab +/xid Pgk-1
ab

erythrocytes
thymus

spleen (unsorted) 
spleen slg+ 

slg

64
58

57
61
61

70
74

63
70
66

72
72

83
76
100

46
46

61
ND
ND

lymph node (unsorted) 60
lymph node slg+ 60

slg 60

72
60
61

70
68
100

44
43
100

blood lymphocytes 
slg” 
slg

bone marrow 
bone marrow slg+ 

slg
14.8 dull
14.8 bright

58
56
52
53
54
52
53

ND
ND
70
64 
62 
66
65

68
90
TT
71
86
70
86

41
75
1 4

34
59
41
49

* In the -t/xid mice, PGK-lA was associated with the activity 
of the non- xid-carrying ^-chromosome. Valueg showing a clear bias 
against the expression of the xid (and Pgk-1 ) X chromosome 
are underlined. Note that these all relate to samples containing a 
large proportion of B lymphocytes. Broadly similar results were 
obtained in a further 10 +/xid and 3 +/+ mice.
ND = not done slg = surface immunoglobulin

lymph node B cell samples showed exclusively PGK-lA activity, 
indicating that cells with the xid-bearing chromosome active were 
virtually absent. In contrast, the slg-positive cells in the bone 
marrow shoved only a slight excess of PGK-lA activity compared to 
the slg-negative cells from the same bones. After staining bone 
marrow cells with the 14.8 monoclonal antibody, two positive 
fluorescent populations were observed: about 30-40% of the nucleated 
cells stained above background and a minority (5-10% of the 
nucleated cells) stained brightly. We have found (unpublished data) 
that the 14.8- 'bright' subset includes most of the slg- positive 
cells, while 14.8- 'dull' cells are nearly all slg- negative,
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presumably pre-B [9] cells. (Less than 3% of bone marrow 14.8- 
positive cells were T lymphocytes as judged by staining with 
monoclonal antibodies to Thy- 1, Ly-1 and Lyt-2.) Like marrow slg- 
positive cells, the 14.8- 'bright' cells showed only a slight excess 
of PGK-lA activity. The 14.8-'dull' cells had the same relative PGK- 
lA activity as the non- stained (i.e. non B-lineage) cells from the 
same bones.

In contrast to the xid/+ animals, +/+ Pgk-lab females 
showed little variation in PGK-lA/B ratios between the tissues 
studied and between sorted B and non-B cells (Table 1).

Results of PGK-1 analyses of samples from irradiated and 
repopulated mice are shown in Fig.l. Differences in the patterns of 
mosaicism between the two groups of animals reflect the repopulating 
abilities of the donor cells. In the control group only small 
differences were seen between sorted B and non-B cells and unsorted 
populations. In £he experimental group, which received mixed CBA/N 
and CBA/Ca-Pgk-1 bone marrow, the slg-positive cells in the 
blood shoved a progressive increase in the proportion of PGK-lA, 
that is, by inference, a disappearance of-CBA/N-derived cells. The 
lymph node B cells of experimental animals showed a marked deficit 
of CBA/N-derived cells throughout the period of observation; this 
deficit was total in the animals assayed at 6 and 8 weeks after 
irradiation. Observations on unfractionsted spleen cells suggested 
that the splenic B population was also deficient in CBA/N-derived 
cells, but slg-positive and negative cells were not studied 
separately to test this. Deficits of CBA/N-derived cells were not 
clearly evident in slg-negative lymphocytes of blood or lymph nodes, 
although the data do not rule out a marginal effect. The 14.8- 
'dull' (pre-B) bone marrow population in the experimental mice 
showed little or no difference from the 14.8-negative (non-B) cells 
from the same bones or from either population in controls. The 
numbers of the 14.8 "bright" cells in the repopulated bone marrow 
were too low to collect for enzyme analysis.

DISCUSSION

Due to the phenomenon of X-chromosome inactivation [10] only 
one X-chromosome is active in fanale cells. Thus, in normal female 
mice heterozygous for neutral polymorphisms on the X-chromosome, a 
balanced mosaicism exists for the products of the polymorphic genes. 
If a mutation on the X-chromosome directly affects a particular 
cell population, being, for example, lethal at a particular 
developmental stage or affecting the ability of the cells to 
proliferate, this will result in the mosaicism becoming unbalanced 
in the affected cell population. If, on the other hand, the mutation 
acts indirectly via other cells or microenvironmental factors, one 
would not expect mosaicism in the final target cells to be affected.

51



W e e k »  a f t e r  r e p o p u l a t i o n

FIGURE 1.
Reconstitution of various cell populations of lethally irradiated 
mice injected with either a mixture of +/+ g g k - l  and +/+ Pgk-1 
(control-C) or +/+ Pgk-la and xid/xid Pgk-1 (experimental-E) 
bone marrow. In the E group PGK-lA identifies non-xid-bearing cells.
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We have used variants of the X-linked enzyme PGK-1, which differ in 
their electrophoretic mobilities, to monitor the activity of the 
xid-carrying X-chromosome in lymphoid cells of xid/-f female 
heterozygotes. A similar strategy was adopted by Nahm et al.[5], but 
the present methods for visualizing and measuring the alloenzymes 
are more quantitative [8].The data demonstrate that in the 
peripheral lymphoid organs and blood, surface immunoglobulin (slg)- 
bearing lymphocytes carrying an active xid gene are severely 
depleted compared to those with the normal gene active. In CBA/N 
mice, which are homozygous for xid, it has been demonstrated that 
the subpopulation most severely affected is one carrying high levels 
of IgD and low levels of IgM [3,4]. Since this is the predominant B 
cell type in the periphery, it is possible that the enzyme data 
reflect the depletion of cells carrying an active xid gene 
specifically from this sub-population . The presence of some xid- 
expressing B cells was clearly demonstrated in blood and (in some 
individuals) spleen and lymph nodes. However, the present data do 
not exclude some (presumably smaller) effects of the xid mutation 
on the development or function of other B cell subpopulations.

Bone marrow B lymphocytes showed relatively slight imbalances 
of PGK-lA/B ratio in xid/+ heterozygotes. In the 14.8-'dull'(pre- 
B) cells PGK-lA values were not elevated. In the 14.8-'bright' and 
the slg-positive cells, some excess of cells with the normal 
chromosome active was apparent, but it was far from complete. These 
data suggest that the xid gene acts at a late stage of 
differentiation of B cells in the marrow, but some effect on a minor 
population of pre-B cells is not excluded. It is probable that some 
of the slg-positive, 14.8-bright cells found in bone marrow were 
inmigrants from the periphery, and possible that immigrants were 
sufficient in number to account for the imbalance of X-chromoscme 
expression in this population.

In irradiated mice that had been repopulated with a mixture of 
CBA/N and normal (PGK-lA marked) marrow the patterns of mosaicism 
came to resemble those seen in the xid/+ heterozygotes: there was 
an excess in the proportion of non-xid B cells in the periphery, 
but not in the marrow. The observation that xid B cells decreased 
proportionally in blood over a period of several weeks may indicate 
either that relatively immature B cells were migrating out of the 
bone marrow during this period or that the normal numerical balance 
between mature B cell subpopulations was upset. The slight decrease 
in splenic xid cells over the same period is compatible with the 
idea that immature B cells migrate from marrow to spleen during the 
early weeks of repopulation and then gradually cease to do so. 
However, interpretation of the spleen data is clouded by the 
probable presence of splenic erythropoiesis during the post­
radiation recovery period and by the absence of data on sorted 
splenic B cells. In the lymph nodes xid B cells were already
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absent by 6 weeks, suggesting that most recirculating B cells 
belonged to the xid-affected subpopulation(s).

In summary, the data presented show that xid acts directly on 
B cells and that its expression is unaffected by the concomitant 
presence of non-xid cells . It apparently acts on the 
differentiation and development of certain B cells, probably at a 
stage after the acquisition of surface IgM. No effect was 
demonstrable on bone marrow pre-B cells or on non-B lymphocytes. 
Further analysis of the patterns of mosaicism of PGK-1 alloenzymes 
in subpopulations of B cells separated on the basis of their 
quantitative expression of IgM, IgD, B-220 and other markers of B 
cell development [11] may indicate more precisely the 
subpopulation (s) in which the X-linked irrmunodeficiency trait is 
active, and provide seme information about the lineage relationships 
between these subpopulations.
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S U M M A R Y

Using mice t h a t  were mosaics for bo th  Xce and  phosphoglycerate  kinase 
(Pgk-1) alleles, we have established t h a t  th e  p a ren ta l  source of th e  Xce  
gene m ay  affect th e  p robabili ty  w ith  which the  X  chrom osom e carrying 
it will rem ain  active. This effect was seen in one allelic com bination  of 
Xce  b u t  n o t  in another.  The  rela tionsh ip between these  effects and  o ther  
phenom ena of m aternal ‘im p r in t in g ’ is discussed.

1. I N T R O D U C T I O N

In  female eu ther ian  m am m als, X  chrom osom e in ac t iv a t ion  results  in individual 
som atic  cells expressing e ither  the  m ate rna l ly  derived X  chrom osom e (X M) or the  
p a te rn a l ly  derived X  chromosome ( X p ) (Lyon, 1961). In  some circum stances 
genetic (C a ttanach  & Isaacson, 1965) a n d /o r  p a ren ta l  effects (Takagi & Sasaki, 
1975; W est, Frels & Chapm an, 1977) modify th e  X  inac t iv a t ion  process, result ing 
in X M a n d  X p hav ing an  unequal p robab ili ty  o f  becom ing inac tiva ted .

W o rk  in th e  mouse has suggested t h a t  there  is an  inac t iv a t ion  centre, p resen t 
on th e  X  chromosome, designated  th e  X  chrom osom e controlling e lem ent (Xce) 
(reviewed by  C at tanach , 1975). Three alleles o f  th e  Xce  locus have  been described 
a n d  th e y  affect th e  probab ili ty  t h a t  a  p a r t icu la r  X  chrom osom e will become 
inac tiva ted . Analyses of females heterozygous a t  th e  Xce  locus (and also a t  o ther  
X  linked m ark er  loci) have  shown t h a t  an  X  chrom osom e carry ing th e  Xcea allele 
is m ore likely to  become inac tiv a ted  th a n  an  X  chrom osom e bearing th e  Xceb 
allele. S imilarly an  Xceb X  chromosome has a  higher p robab ili ty  of inac tiva tion  
th a n  an  X  chrom osom e bearing a  th i rd  allele, Xce°.

The existence of  paren ta l  factors which influence th e  X  in ac tiv a tion  process is 
m ost obvious in s tudies on th e  ex traem b ry on ic  m em branes  ( trophectoderm  and  
p r im it ive  endoderm ) of th e  mouse em bryo , where th e  pa te rn a l ly  derived X  
chrom osom e ( X p ) is preferen tia l ly  inac t iv a ted  (Takagi & Sasaki, 1975; W est et al. 
1977). E m b ry o  transfe r  an d  oocyte t r a n sp la n ta t io n  experim ents  have  shown th a t  
th e  m a te rn a l  reproductive  t r a c t  does n o t  ex e r t  a  selection pressure in favour  of 
cells expressing X M (Frels & Chapm an, 1980; P ap a io an n o u  & W est, 1981). I t  is 
th o u g h t  t h a t  th e  differential expression is due to  an  in trinsic  difference between 
X M a n d  X p , im p rin ted  before th e  X  inac t iv a t ion  process, a l tho ugh  th e  molecular 
m echanism  for th is  im prin ting  rem ains unknow n.

P a re n ta l  effects on X  chrom osom e inac t iv a t ion  in som atic  tissues have  been
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s tu d ied  by com paring  the  ph eno types  of females, heterozygous for X-linked gene 
products,  derived from reciprocal crosses. Some studies  indicate  a  ‘p a t e r n a l ’ effect 
i.e. X p has  a higher p robabil i ty  o f  rem aining ac tive  th a n  X M (Falconer, Isaacson 
& Gauld, 1982), while o thers  show no significant reciprocal cross differences 
(Johns ton  & C at tanach ,  1981). In  selection experim en ts  with the  A-linked gene 
brindled (Mobr) (Falconer et al. 1982) and  viable brindled (M ovbr) (C a ttanach  & 
P apw orth ,  1981), a  positive correlation was observed between the  expression of 
brindled  in m others  an d  daugh ters .  However, th is  ‘ m a te rna l  ’ effect was a t t r ib u te d  
to  abn orm al copper t r a n sp o r t  in th e  heterozygous m o the rs  r a th e r  th a n  a c h rom ­
osomal effect. Using alleles o f  phosphoglycerate  k inase as m arkers  for Xce we have 
found no evidence of a  p a ren ta l  source effect in females t h a t  are heterozygous for 
the  a an d  c alleles of  Xce. However, we show th a t  in females t h a t  were heterozygous 
for th e  b a n d  c alleles of Xce the  X  chrom osom e carry ing  th e  Xce° alleles has  a  higher 
p robab ili ty  o f  rem aining active if it is m ate rna lly  derived th a n  if  i t  is pa te rn a lly  
derived.

2. M A T E R I A L S  A N D  M E T H O D S

(i) Mice
The s tra in s  C 3H /H eH a-P ^fc-faAcec (backcross genera t ion  9) an d  CBA/Ca- 

P g k - laXce° (backcross generation  16) were used as th e  source of th e  X  chrom osom e 
carry ing  th e  P g k - la and  Xce° a lleles; th e  C 5 7B L /6  J -bgJ s t ra in  for th e  X  chrom osom e 
carry ing  th e  P g k - lb and Xceb alleles and  th e  C B A /C a for th e  P g k - lb and  X cea 
alleles. Pgk-1 an d  Xce  are closely linked (Cattanach , Perez & Pollard , 1970; F ra n k e  
& T agg art ,  1980) an d  an y  recom bination  be tw een these  tw o loci would be expected  
to  be infrequent. An extensive backcrossing p rog ram m e in our  la b o ra to ry  supports  
th is  expecta tion .
(ii) Preparation o f  samples

One drop  of blood tak en  from th e  re tro -o rb ita l  sinus of 3-A week-old females 
was m ixed with  100 p\  sample buffer (50 mM tr ie thano lam ine-H C l, p H  7-6, 
con tain ing 0-3 m g /m l d i th ioery thr ito l ,  0-5 m g /m l bovine serum  a lbum in  and 
2 m g /m l  digitonin). E lectrophoresis  an d  quantif ica tion  of th e  tw o PG K -1 alloen- 
zym es were carried ou t as described elsewhere (W oodruff et al. 1982; Ansell & 
Micklem, 1984). R ep ea ts  of a  single sam ple w ith in  an d  betw een gels give an  over­
all s ta n d a rd  dev ia t ion  of app ro x im a te ly  2-1 % . A linear re la tionsh ip  is observed 
between different artificial m ix tu res  of  PG K -1 alloenzymes over th e  range  from 
20 to  8 0 %  PGK -1 A.

3. R E S U L T S

T able  1 sum m arizes th e  results o f  pheno typ ic  analyses of heterozygous females 
derived from  5 different crosses. Crosses 1 an d  2 were reciprocal crosses between 
C3H /H eH a-Pgfc-7“ A’cecan d C 5 7 B L /6 J-6 p J  strains. In  cross 1 where th e  Xcec P g k - la 
bearing X  chrom osom e was m ate rna lly  derived, th e  m ean  p rop or tio n  of PG K -1 A 
alloenzyme presen t in th e  blood of heterozygous p rogeny  was 6 1 % .  W h en  th e  
X ce°P gk-la bearing X  chrom osom e was pa te rn a l ly  derived (cross 2) th e  m ean
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propor tion  of P G K -1A  presen t was 5 4 % .  The difference between these reciprocal 
crosses was sta tis t ica lly  significant (P  <  0-01).

T he  FI m ales (XcecP g k - la/  Y) p roduced from cross 1 were then  backcrossed onto 
th e  C 5 7 B L /6 J -bgJ s tra in  (cross 3). In  th is  case, the XcecP g k - la X  chrom osom e was 
pa te rn a l ly  derived and  the  p roportion  of PGK -1 A present was 5 1 % .  T he F I  
females (XcecPglc-la/X c e bPglc-lb) p roduced  from cross 2 were also backcrossed onto 
th e  C 5 7 B L /6 J -bgJ  s t ra in  (cross 4). T he  proportion  of PG K -1A  in the  tissues of 
heterozygous females produced in th is  case was 5 8 % . This  was significantly 
different from the  proportion  in cross 3 (/J <(H )1). T he  heterozygous females 
produced from cross 3 were fu r ther  backcrossed on to  the  C 5 7 B L /6 J -% J  stra in  
(cross 5) and  the proportion  of  P G K -1A  in th e  heterozygous progeny of th is  cross 
was 6 0 % .

T able  1. Percentage PGK-1 A  in  mice heterozygous fo r  the b and  c alleles o f  Xce
Xce allele 
of parental

X  chromosome Mean percentage
of PGK-1 A  in No. progeny

iross X M X p progeny +  s. e. analysed

1 c b 61 ±1-5 36
2 b c 53 ±  1 -1 36
3 b c 51+1-3 56
4 c b 58+1-8 32
5 c b 60 ±1-7 32

Analysis of variance showed that the progeny of crosses 1, 4 and 5 were significantly different 
from crosses 2 and 3 (P < 0-01). In these crosses Pgk-la segregates with Xce° and Pgk-lb with 
Xceb.

T able  2. Percentage PGK-1 A  in  mice heterozygous fo r  the a  and  c alleles of  Xce
Xce allele 
of parental 

X chromosome Mean percentage
o f P G K - l A i n  No. progeny

X M X p progeny +  s.b . analysed

c a 69+1-5 27
a c 72 ±  1-4 44

These data were derived from reciprocal crosses of sublines of C B A / C a  mice differing only 
at the region of the Pgk-1 and Xce loci. There was no significant difference in the proportion 
of PGK-1 A  between the offspring of either cross. In these crosses Pgk-la segregates with Xcec 
and P gk-lb with Xcea.

T here  was no significant difference betw een th e  PGK -1 pheno types  of the  
heterozygous progeny of crosses 1 ,4  an d  5. I n  all these  cases th e  XcecP g k - la-bearing 
X  chrom osom e was m a te rna lly  derived an d  th e  p ropor tion  of PG K -1 A p resen t  was 
58—61 % . Also, th e re  was no significant difference in th e  heterozygous pheno types  
of  th e  p rogeny  produced from  crosses 2 an d  3. T he  X ce°Pgk-la X  chrom osom e in 
these  crosses was pa te rn a lly  derived an d  th e  p rop or t io n  of  PG K -1 A p resen t was 
50-53% .

A large series of  reciprocal crosses between C B A /C a (P g k - lb Xcea) an d  CBA/Ca-
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P g k - laXcec mice were analysed  (Table 2). In  th is  case th e  ‘s t r o n g ’ allelic 
com bination  of Xce (Xcea/Xce°)  was involved. No reciprocal cross differences 
were observed in th is  series.

D I S C U S S I O N

In  th e  ex traem b raem bryo n ic  m em branes  of  th e  mouse, X M is preferentially  
expressed (Takagi & Sasaki, 1975) b u t  the  existence o f  p a ren ta l  effects are less well 
defined in th e  em bryo  proper  and  ad u lt  som atic  tissues. X M an d  X p m ay  have an 
equal p robab ili ty  o f  becom ing inac tiva ted  ( Jo hn s ton  & C a t tanach ,  1981) or in some 
circum stances X p m ay  be preferentially  expressed (Falconer et al. 1982). Using 
PGK-1 alloenzyme expression in e ry th rocytes , we have found paren ta l  effects on 
X  chrom osom e expression using one allelic com binat ion  of Xce  genes b u t  no such 
effects w ith  ano ther.  I n  th e  first ease th e  p a ren ta l  source o f the  Xcec allele changed 
th e  p robab ili ty  o f  it  being expressed in Xceb /  Xcec heterozygotes from  app ro x im ate ly  
0-6 to  0-5, w hen m a te rna lly  or pa te rn a lly  derived respectively. However, in 
Xcea/X ce°  he terozygotes  th e  paren ta l  source of Xce° d id n o t  affect the  p robab ili ty  
of its expression. A lthough e ry th ro cy tes  are  con s tan t ly  being replenished the  
variance in th e  proportions of PGK -1 alloenzymes in th e  b lood of individual mice, 
bled regularly  for up  to  1 year, is small (Micklem et al. 1984). Periphera l  blood can 
therefore be regarded as having a  stab le  ph eno typ e  an d  being represen ta t ive  of 
haem atopo ie t ic  tissues. Analyses of a  small n u m b er  of  th y m u s  a n d  bone m arrow  
sam ples from offspring of crosses 1, 2, an d  3 (da ta  n o t  shown) confirm th is  
assum ption. Since all tissues are derived from  th e  sam e pool of A '-inactivated cells 
(McMahon, F os ten  & Monk, 1983), analyses of an y  tissue should show similar 
resu lts  to  those described in th e  blood an d  o the r  haem atopo ie t ic  tissues. P re l im inary  
d a ta  from  kidney an d  brain  samples ten d  to  sup po rt  th is  hypothesis .

I t  is p robable  t h a t  we are looking a t  an  in te rac tion  between p a ren ta l  a n d  genetic 
effects. P rev ious analyses o f Xceb/ Xcec females would p red ic t  t h a t  (in th e  absence 
o f  o the r  influences) an  XcecP g k - la X  chrom osom e would have a higher p robab ili ty  
(approx. 0-6) o f  rem aining active th a n  an  XcebP g k - lb X  chrom osom e (Jo hn s ton  
& C a t tanach , 1981). W e have found t h a t  w hen th e  X ce°P gk-la X  is m a te rna lly  
derived, th is  predic tion  is borne out. H owever, w hen th e  XcecP gk-1“ X  is pa te rn a lly  
derived th e  probab ili ty  of t h a t  X  chrom osom e being expressed is reduced to  
app ro x im ate ly  O'5. The  m echanism  by  which these  tw o effects in te rac t  is unknow n 
b u t  could be envisaged as W est (1982) proposed. T he  physiological modification 
of X M a n d /o r  X p would p resum ab ly  include th e  Xce  locus an d  th e  modification 
of one Xce  allele could affect its in te rac tion  w ith  th e  o the r  in a  heterozygous female. 
This could have e ither  an  add it ive  or a  com p lem enta ry  result. I f  for exam ple  the  
modification of  th e  genome during  oogenesis resu lts  in th e  Xceb allele on X M 
behaving  in a  similar w ay  to  an  Xce° allele, th e  heterozygous female produced  (if 
X p carries Xce°) would behave  as if  i t  were hom ozygous a t  th e  Xce locus. I n  th is  
h y po the t ica l  exam ple  X M an d  X p would hav e  an  equal p rob ab i l i ty  o f  expression.

The  preferential in ac t iv a t ion  of X p in th e  earliest d ifferen tia ted  tissues of  the  
em bryo , i.e. th e  trop hec toderm  and  p r im ary  endoderm , suggests t h a t  X M an d  X p 
a re  differentially m arked  before th e  X  inac t iv a t ion  process. W hen  these  lineages

9 8  L e s l e y  M .  F o r r e s t e r  a n d  J .  D .  A n s e l l



Parental influences on x chromosome expression  99
differentia te  th is  ‘im p r in te d ’ difference between X M and  X p is still present, 
resu lt ing  in X p being preferentially  inac tiva ted . Cell lineages t h a t  differentiate 
la te r  express bo th  X M an d  X p , suggesting th a t  th is  ‘ im prin ting  ’ is short-lived. The 
reciprocal cross difference observed in Xceb/X c e € heterozygotes in our  experim ents  
could indicate t h a t  residual effects o f  the  ‘im p r in t in g ’ process remain. However, 
R a s ta n  & C a t tan ach  (1983) have shown t h a t  ‘s t r o n g ’ alleles a t  th e  Xce  locus can 
override the  m ate rna l effect in th e  ex traem b ry on ic  m em branes. W hen X p carries 
th e  Xcec allele, th e  ex traem bryon ic  m em branes  do n o t  exclusively express X M. We 
did n o t  see any  paren ta l  effects on X  chrom osom e expression in th e  e ry th rocy tes  
of  mice, heterozygous for the  ‘s trong  ’ allelic com bination  (Xcea/X c e ° ). I t  is possible 
t h a t  th is  allelic com bination is too  ex trem e for th e  more subtle  m ate rna l  influences 
to  affect it. A lternatively , it  is possible t h a t  o the r  m od era to r  genes are causing the  
reciprocal cross difference an d  th e  expression of these genes differs between 
different m ouse strains. The reciprocal cross differences observed were between two 
different s tra ins  (C 3H /H eH a-/->grA'-7a Xce° and C57BL/6J-6</J ) whereas th e  crosses 
t h a t  did n o t  show these differences were between mice which h ad  been backcrossed 
on to  th e  C B A /C a s tra in  for 16 generations and  ostensib ly differed only in th e  region 
of  th e  Pgk-1  and  Xce  loci. I t  is possible t h a t  th e  reciprocal cross differences are 
only seen between different s tra ins or between s tra ins w ith  pa r t icu la r  m odera to r  
genes being expressed. Backcrossing of th e  Pgk-1 an d  Xce loci on to  the  
C57BL/6J-6<7j  s tra in  would perhaps  resolve th is  question.
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