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E F F E C T S  OF A LETH A L GENE ON HEM ATOPOIESIS IN 

HOMOZYGOUS RESTRICTED  RAT EMBRYOS

CHAPTER I 

INTRODUCTION

A laboratory colony of ra ts  w as s tarted  in 1 9 0 2  by Helen Dean King 

from a  s tra in  of Norway ra ts  p icked  up on the  s tre e ts  o f P h ilad e lp h ia , 

P en n sy lv an ia . T h is  colony w as d ispersed  in 1 9 4 6 .  In 1 9 5 4 ,  some of th ese  

King anim als w ere obtained by D r. A llan J .  S ta n le y , U niversity  of Oklahoma 

H ealth S c ien ces  C en ter. S u b seq u en tly , they  were mated w ith Holtzman ra ts  

and the  hybrid offspring were inbred through approxim ately 3 0  genera tions.

T h ese  so -c a lle d  K ing-H oltzm an an im als now have been  m aintained through 

approxim ately 3 0  g enera tions.

In 1 9 6 2 ,  a  dominant m utant gene appeared in th is  colony (S tan ley  

and Gum breck, 1 9 6 4 ) .  M ales heterozygous for it have a  normal XY karyo

type (A llison e t  a l . ,  1 9 6 8 ) ,  but exhib it sem iniferous tubu lar dy sg en esis  by the  

tim e of puberty o r shortly  th e re a f te r . T heir coat color is  d is tin c tly  marked in 

such  a  way th a t the  normal co lo ra tio n  is  re s tr ic te d . F o r exam ple, the  color 

pa tte rn  in normal hooded ra ts  ex ten d s  over the  sh o u ld e rs . In restric ted  hooded
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an im als It Is lim ited to  a  sm all a rea  about the  face and h e ad . The ventral w hite 

a re a  of the  Irish coat color Is norm ally lim ited to  the  ven tra l body a re a . In the  

re s tric ted  Irish  an im a ls . It Is ex tended  up the  s id es  and over the  back (S tan ley  

e t  2d . ,  1 9 6 5 ) .  R estric ted  s e lf  an im als  have full co lo ra tion  excep t for the  w hite 

spo t on the  forehead .

F em ales carrying the  mutant gene exhib it th e  c o a t color pattern  marker 

but are not s te r i le .  The apparen t p le lo trop ic  mutant gene for th e se  ch arac te rs  

In ra ts  has been designated  (Gumbreck e t a l . ,  1 9 7 1 ) .  The fem ales are 

fe rtile  and can  produce offspring w hen mated w ith normal m ales ( + /+ ) .  Such 

m atings re su lt In 50%  normal and 5 0 %  restric ted  o ffsp rin g . Some of the  

m ales rem ain fertile  for a  short tim e a fte r puberty . W hen th e se  m ales a re  mated 

w ith fem ales some of the  offspring are homozygous for the  mutant g e n e . 

R ather than  the  expected  3 : 1  ra tio , m atings of th is  ty p e  re su lt In a  2 :1  ra tio  of 

re s tric ted  to  normal offspring (R u s se ll ,  1 9 6 9 ) .  From th e se  r e s u lts ,  R u sse ll 

p o stu la ted  th a t Is le thal In the  homozygous co n d itio n . Gumbreck e t  a l . 

( 1 9 7 1 ) ,  found th a t mating re s tr ic ted  fem ales to  normal m ales re su lts  In 5 0 %  

normal and 50 %  restric ted  o ffsp rin g , a s  ex p ec ted . H ow ever, when H / +  

fem ales are  mated w ith m a le s , the  ratio  of offspring  Is 34%  normal and 

66%  re s tr ic te d . In th is  c a s e ,  there  are  25%  le ss  offspring than  from m atings 

betw een h '^V +  fem ales and + / +  m a le s . T h is  supports  R u s s e ll 's  theory th a t the 

m utant H gene Involves a  le thal fa c to r . S ince th e  le th a lity  has no e ffec t on 

the  sex ra tio , Gumbreck e t  a l . conclude th a t the gene Is not s e x - lin k e d . 

T hey  do not ru le out the  p o ss ib ility  th a t two Independent genes rather than  one



p le io trop ic  one is  invo lved , if s o ,  th e  two genes would be a t very c lo se ly  

linked loci on the chromosome invo lved . It has not been  possib le  to  te ll 

w hether exp ression  o f the  H gene is  due to  a  true biochem ical p le io trop ism , 

a  d e le tio n , or physica l a lte ration  o f th e  affected  g en es  (Gumbreck a t  a l . ,  1 9 7 1 ) .

In the  homozygous condition both W and ^ a l l e l e s  in mice may produce 

em bryonic le th a lity  preceded b y , and apparently  a s  a  d irec t resu lt o f ,  failure 

in proliferation or d ifferen tia tion  of th e  hem opoietic stem  c e lls  (M cCulloch 

e t  a l . ,  1 9 6 4 ;  1 9 6 5 ) .  A lso , both g en e tic  s e r ie s  may produce w hite spotting 

involving failure in m elanoblast m igration or d ifferen tia tion  (M ayer, 1 9 7 0 ) .  

A ccording to  W endt-W agner ( 1 9 6 1 ) ,  in b lack  and hooded ra ts  the  pa tte rn  

s e r ie s  of the  ra t can  be correlated w ith  failure o f m elanoblast m igration.

Gumbreck e t  a l . ( 1 9 7 2 ) ,  have determ ined th a t body w eights o f the 

re s tric ted  and normal m ales are about equal a t  b irth  and afte r one hundred days 

o f a g e . From the  fif th  to  the  ten th  day  the  normal an im als are s lig h tly  heavier 

and from the  fifteen th  to  the  hundredth day th is  d ifference has in c reased . 

A pparen tly , re s tr ic ted  m ales grow more slow ly than  th e ir  normal s ib lin g s , yet 

by 1 1 0  days p o s t-p a rtu m , they a tta in  the  same w eight a s  the norm al.

Except for t e s t e s ,  there a re  no sign ifican t d ifferences in organ w eights 

betw een normal and m a les . A t b ir th , the te s te s  of the  and normal ra ts  

a re  equal in w e ig h t. A fter four d ays o f age those  o f th e  normal ra ts  are  heavier 

and a fte r nine days th is  difference is  s ign ifican t a t  th e  . 0 1  level of p ro b ab ility . 

T e s te s  of the  normal ra ts  studied reach  a  maximum w eight a t about n inety  days 

o f ag e ; w h e rea s , th o se  of the re s tric ted  anim als reach  a  maximum w eight in about



s ix ty  d a y s . They rem ain a t  th is  level until about one hundred days o f a g e , then  

decline  to  about one-fourth  of the  te s t i s  w eight of normal anim als (Gumbreck 

e t  a l . ,  1 9 7 2 ) .

T e s te s  of s te r ile  m ales one to  te n  days old do not differ h is to lo g ica lly  

from th o se  of normal male ra ts ;  how ever, a s  they  become older the sem iniferous

T6
tu b u le s  decrease  in d iam eter. In tu b u les  o f o lder H m a le s , some ac tive  

sperm atogenesis is s e e n ,  but it is  u su a lly  le s s  ex tensive  than  normal and is  

a b se n t in the  old o n e s . S erto li c e lls  are p re sen t in all m a les . F e rtility  

in the  m ales th a t a re  ab le  to  produce offspring la s ts  for only a  short tim e 

during th e  th ird  month o f life (Gumbreck e t  a l . ,  1 9 7 2 ) .

T he in te rs titia l c e l ls  in te s te s  of re s tric ted  male ra ts  are sim ila r in 

struc tu re  and in number to  th o se  in normal m a le s . P ro sta te  g lands and sem inal 

v e s ic le s  of re s tric ted  ra ts  are sim ilar in w eight to  th ose  of the  normal an im a ls , 

ind icating  a  normal production of an d ro g en s. T he re s tric ted  m ales exh ib it normal 

v irility  and copulatory  b eh av io r. It w as concluded by Gumbreck e t  a l . (1 9 7 2 )  

th a t tubu lar d y sg en es is  and subsequent s te r ili ty  of re s tric ted  male ra ts  is  d u e , 

not to  a  lack  of su ffic ien t fo llic le -s tim u la tin g  hormone from the  an terio r p itu ita ry , 

bu t to  a  ia ilure  o f th e  germinal epithelium  to  respond to  th is  hormone to  the  same 

degree and duration a s  in the  normal a n im a ls .

Development of Rat

Follow ing fe r til iz a tio n , normal embryonic developm ent o f the  albino 

ra t e n su e s  in four s ta g e s :  1) pre-em bryonic; 2) em bryonic; 3 ) early  fe ta l ,  and



4) la te  f e ta l .

P re-Em bryonic Development 

In the  r a t ,  ovulation occurs sp o n tan eo u sly , independent of copulation  

(H uber, 1 9 1 5 ) .  By the  firs t through th e  fourth hours a fte r  sperm p en e tra tio n , 

m ost o f the  ova have formed the  second polar body and th e  sperm head is  under

going en largem ent. T he firs t po lar body is  given off w ith in  the  ovarian fo ll ic le , 

the  second in th e  o v id u c t.

During the  fifth  through th e  e ig h th  hour a fte r sperm p en e tra tio n , the  head 

of th e  sperm transform s rapidly into the  pronucleus (Odor and B landau , 1 9 5 1 ) .  

The f ir s t  ind ication  th a t the  female chromosomal m ass w ill transform  into a  

fem ale pronucleus is  the  appearance w ith in  the  ovocyte nuc leus of one to  th ree  

m inute n u c leo li. A fter the  second po lar body is  formed it rem ains c lo se ly  

a sso c ia te d  w ith the fem ale p ro n u c leu s.

From the  ninth to  the  n ine teen th  hour post fe r til iz a tio n , the  pronucleus 

grows rapidly and i ts  nucleoli increase  in number (T a fan i, 1 8 8 9 ;  Sobotta  and 

Burckhard, 1 9 1 0 ;  K ram er, 1 9 2 4 ) .  From the  tw entie th  through the tw en ty -fifth  

h o u rs , the  f irs t segm entation sp indle  is  formed (usually  betw een hours 2 1 - 2 3 )  

and c leavage  o c c u rs . A t th e  tw enty-fourth  hour, the  o v a , now in the  pronuclear 

s ta g e ,  are  d is tribu ted  in the  d is ta l one-fourth  of the o v id u c t. T afani ( 1 8 8 9 )  

be lieved  th a t th e  nucleoli contain  chrom atin w hich la te r forms into filam en ts . 

S obo tta  and Burckhard ( 1 9 1 0 )  thought th a t the  nucleoli fragment and reform into 

a  netw ork . Huber ( 1 9 1 5 ) ,  describ ing  re la tiv e ly  la te  p ronuclear s ta g e s ,  found



th a t e a c h  nucleus con tains a  network w ith chrom atin d is tribu ted  upon i t .  There 

is  a  s in g le  large chromatoid nucleolus in each  of the  larger p ro n u c le i. A lso , 

in 1 9 5 1 ,  Odor and Blandau reported the  p resence  of numerous nucleoli in both 

male and female p ronucle i. T h ese  remain v is ib le  until im m ediately preceding 

the formation of the  firs t segm entation spindle# and the  f irs t segm entation 

d iv is io n  appear to  fall w ithin a  period ranging from the  beginning to  near the 

middle o f the  second day a fte r insem ination (probably about th irty  to  th irty-tw o 

hours a fte r  copu lation ), (H uber, 1 9 1 5 ) .

From beginning to  end the  two ce ll s tage  la s ts  about 2 4  hours (from 

about 2 4  hours to  4 8  hours post-insem ination) (Sobotta and B urckhard , 1 9 1 0 ;  

M e lis s in o s , 1 9 0 7 ;  H uber, 1 9 1 5 ) .  The f irs t two b lastom eres are equ ivalen t 

c e lls  o f e sse n tia lly  the  sam e s iz e  and s tru c tu re .

A s c leavage occurs migration in the  uterine tu b es  con tinues to  be 

d irec ted  toward the  horns of the  u te ru s .

The e igh t ce ll s tag e s  appear approxim ately three  d ays a fte r insem ination 

(H uber, 1 9 1 5 ) .  By the  fourth day of g e s ta tio n , each  o f the  1 2  to  1 6  cell s tag e  

has trav ersed  the  oviduct and is  ready to  en te r the  uterine lio rns.

When the morula s tag e  reaches approxim ately th irty  c e l l s ,  a  segm entation 

cav ity  a p p e a rs . Near one pole the  outerm ost c e lls  have sep ara ted  sligh tly  from 

the  more deeply placed c e l l s ,  so  th a t an eccen trica lly  p laced  irregu larly -shaped  

cav ity  is  ev id en t. T he beginning of th is  segm entation cav ity  and early  s tag e s  

of the  b lastom eric v e s ic le  occurs in the la tte r  half of the  fifth  d a y . The b la s to -  

cy te s  lie  free in the  lum en, and are ovoid in form. T h e ir long a x is  p resen ts  no



defin ite  re la tion  to  the  long a x is  of the  u terine horn . During the  firs t half of 

th e  fifth  d a y , migration of the  b la s to cy s t from the  oviduct to  the  u terine horn 

app ears  to  be com pleted , so  th a t by the  second half o f the  fifth  day the  v e s ic le s  

are  spaced  in the  uterine horn and p artia lly  em bedded in the  u terine m ucosa. 

A ccording to  Von Brock e t  a l . ( 1 9 6 4 ) ,  d ifferen tia tion  of the  body ax is  ta k e s  

p lace  during the  fourth and fifth  d a y . The v e s ic le s  now lie  w ith th e ir  long ax is  

approxim ately a t right an g les  to  the  long a x is  of the  u terine horn.

During early  s tag e s  in the  formation of the  b lastoderm ic v esic le , of th e  

m ouse, th e re  is a  d ifferen tia tion  of the  inner ce ll m ass into ectoderm  and en d o - 

derm , (Jen k in so n , 1 9 0 0 ) .  T he outer layer (trophoblast) is  c lea rly  d ifferen tia ted  

and separa ted  from the  inner ce ll m a ss . Duval ( 1 8 9 1 )  a lso  observed th a t en d o - 

derm and ectoderm  were p re sen t in early  s tag e s  of b lastom eric  v e s ic le  formation 

of the  mouse and ra t .  Huber ( 1 9 1 5 ) ,  and S obotta  and Burckhard ( 1 9 1 0 ) ,  

fa iled  to  recognize any ectoderm al and endodermal c e l ls  a t th is  s ta g e . They 

d id , how ever, describe  the  d ifferen tia tion  o f the  th ick e r part or the  floor of the  

v e s ic le  into a  covering or trophob lastic  la y e r .

During the s ix th  d a y , the b la s to cy s t of the  ra t in c reases  in s ize  

re la tiv e ly  rapidly  owing to  a  d is ten sio n  of the  cav ity  or b la s to c e ie . The g rea ter 

portion of its  wall is  com posed of a  single  layer o f fla ttened  c e l l s .  At th is  

s ta g e ,  the  v e s ic le s  are not a ttach ed  to  th e  uterine w a ll ,  though th e  uterine 

m ucosa show s a  d is tin c t reac tio n  to  th e ir  p re se n c e . T h is  enlargem ent of the 

b la s to c y s t is  accom panied by a  flatten ing  and ex ten sio n  of the  c e l ls  of the 

floor of the  v e s ic le .  It is  reduced in th ick n ess  and forms a  germinal d isc  liaving
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an area  equ ivalen t to  about o n e -fif th  to o n e -s ix th  of the  wall of the  v e s ic le .

T h is  d isc  is  about two to th ree  ce ll layers th ic k .  In the  course of th e  develop

ment of th is  s ta g e , the  c e l ls  constitu ting  th e  floor of the  v e s ic le  ad jacen t to  the  

cav ity  or b la s to ce ie  d ifferen tia te  to  form th e  analogue of the  yolk endoderm .

The rem aining c e lls  having e s se n tia l ly  th e  sam e structure  a s  the  c e l l s  which 

co n stitu te  th e  floor of the  v e s ic le  and are irregular and com pressed . Primordial 

germ layers cannot be recognized a t  th is  s ta g e .  They begin to  make th e ir  

appearance on the  six th  day w hen the ectoderm  becom es ev id en t.

By now , the c e lls  w hich  extend into th e  cav ity  of the  b la s to cy s t have 

been designated  by Huber ( 1 9 1 5 )  a s  the  ectoderm al node , the  analogue of the  

primary embryonic ectoderm o f th e  future em bryo. The ectoderm al node appears 

a s  an oval m ass composed o f com pactly arranged c e lls  and is  separa ted  on all 

s id e s  from th e  surrounding c e l l s .  Form ation o f th is  node is  due to  rearrangem ent 

and pro liferation  of c e lls  of th e  germinal a r e a .  T h is  ectoderm al n o d e , so far a s  

it ex tends into the  cavity  of th e  blastoderm ic v e s ic le ,  is surrounded by yolk 

endoderm . Continued growth o f ectoderm al c e l l s  forces the  yolk endoderm into 

the  cav ity  o f the  v esic le  w hich in turn lead s  to  the  inversion of the  germ la y e rs .

During the e ighth  d a y , the  b la s to cy s t com es into a  defin ite  re la tion  

w ith the  m aternal decidua and a s  an embryotroph rece iv es  maternal hem oglobin. 

T h is  is done through phagocytic  action  of the  c e l ls  of the  ectoderm  and partly  

through absorp tion  of maternal hem oglobin. The c e lls  increase  in length  and 

inversion of the  germinal a rea  is  com plete . A cav ity  develops in the  e c to 

dermal no d e . A little  la te r a  second cav ity  develops in the  extraem bryonic



ectoderm . By the  end o f day  e ig h t, the  two c a v it ie s  fuse to  form a  s ing le  pro-* 

am niotic c a v ity , lined by prim ary embryonic ec to d erm . The m esom etrial portion 

is  now lined by extraem bryonic ectoderm . T h ese  two ectoderm al e n ti t ie s  form 

a  continuous layer w ith  a  line of junction re la tiv e ly  d is tin g u ish ab le . A s y e t, 

there  is no ev idence  of b ila te ra l sym m etry.

T he s id e  on w hich  the  primary em bryonic ectoderm  ex tends tow ard the 

mesometrium co n ta in s the  caudal end of the  future em bryo. The prim itive streak  

and groove w ill form from the  primary em bryonic ectoderm  of th is  reg io n . Huber 

( 1 9 1 5 )  s ta te s  th a t a  sm all group of c e lls  a t the  junction  of em bryonic and ex tra 

em bryonic ectoderm  c o n s ti tu te s  early  mesodermal c e l l s .  T hese  c e l ls  have appar

en tly  wandered from th e  primary embryonic ectoderm  to  the p lace  th ey  occupy , 

in la te  nine day em bryos, th is  region c o n s titu te s  th e  prim itive s treak  of the  future 

embryonic a r e a .  Duval ( 1 8 9 1 )  b e liev es  th a t th e  mesoderm ta k e s  orig in  from a 

th ickened  part o f the endoderm , probably in the  region of the an terio r portion 

of the  future em bryonic a re a .  He did not recognize a  prim itive s treak  a t  th is  

s ta g e . E vidence w arrants the  conclusion  th a t in the  ra t ,  c e lls  in th e  caudal 

region of the  primary em bryonic ectoderm  w hich a re  destined  to  become, m eso

derm , a rise  from a narrow zone of c e lls  s itu a ted  in the  region of the  future 

prim itive s tre a k . C ells  from th is  region invade th e  potential c le f t betw een 

primary em bryonic ectoderm  and endoderm . T h e se  even tually  spread  la te ra lly  

in w ing-like  s h e e ts .

Nine days are required for the  com pletion of segm enta tion , b la s to 

derm ic v e s ic le  form ation, and the formation of th e  primary germ la y e rs : ectoderm .
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mesoderm and endoderm . S u b seq u en tly , organ zo n es  become v is ib le  and finally 

organs are form ed.

Som ite developm ent is occurring by day te n  and supra and infra neuropores 

develop in a  cran ial and caudal zone o f th e  neural tu b e .

The card io tube and blood v e s s e ls  appear during the e lev en th  day and 

card iac  p u lsa tio n s  b eg in . C oncurrently , the  c ran ial neuropore opens and the 

caudal neuropore is  divided into two p a rts  by an invag ination . T he neural 

groove becom es a  c lo sed  tube surrounded by som ites and the  cerebral hem ispheres 

begin th e ir  developm ent. By th is  tim e the  prim ordia of peritoneal o rgans and the  

prim itive um bilical cord can  be s e e n . T he dorsal ventral flexure o f th e  embryo 

a lso  begins during th is  p e rio d .

Embryonic Development

T h is  p articu la r phase occurs during the  tw elfth  to  the fourteen th  d ay .

It involves considerab le  organ d iffe ren tia tio n .

By now the  embryo has a  c h a rac te ris tic  shape  and form. T he  ventral 

curvature beg ins and by the  end of th is  p h ase  the  neural tube is surrounded by 

th irty  so m ite s . C audally  there  is  a  c lo su re  of the  neural tu b e , and further 

developm ent o f the  cerebral hem ispheres ta k e s  p la c e .  The isthm us of the 

rhom bencephalon sep a ra te s  the  rhom bencephalon h'om the cerebral hem ispheres, 

and the  m esencephalon continues to  d iffe ren tia te . T he optic cup and optic 

canal contain ing the  hyaloid artery  come into b e in g . The o lfactory  a re a  is 

not folded or developed a t  th is  tim e . T he beginning of the m andibular zone



11

and the analogue of the  ex trem ities a p p ea r, and the  an terior ex trem ities are 

formed; how ever, the  posterior ex trem ities  are ju s t p ro tuberances. The 

card iac  tube becom es large and p u lsa tin g . The prim ordia o f the  liver ex ik t 

in the  embryo and the  mesonephroi a re  being form ed. A t the  end of the tw elfth  

day of developm ent the  crown-rump length of th e  embryo is  2  to  3 . 5  m illim eters.

On the  th irteen th  d a y , th e  o lfactory  canal a r i s e s ,  the  mandibular 

a rch es  are fully developed , the e a r  begins its  developm ent a t the level o f the 

hyoid fo ld , the  card iac  tube becom es "S "  sh ap ed , and the  prim ordia of the  

resp iratory  tra c t come into b e in g . A t th is  time the  liver w ith  its  developing 

parenchym a is  somewhat enlarged in re la tion  to  the  s iz e  o f the  em bryo. T he 

stom ach and in te s tin e s  are further d iffe ren tia ted . By th is  s tag e  the  m esonephroi 

and reproductive organ prim ordia, separa ted  from the  caudal term ination o f the 

m esonephroi, have appeared . T he an terio r ex trem ities have developed to  an 

e lev a tio n  of one m illim eter, the p o ste rio r ex trem ities are not d iffe ren tia ted .

Development into the p rena tal condition begins a t day fourteen . The 

ventral curvature rem ains, how ever, proportions are  w idely changed . The 

m andibular a rch es  form the jbw and th e  o lfactory  groove is  d ifferen tia ted  into 

the  nasa l sep tum . The te lencephalon  is  not particu la rly  en la rg ed , although it 

is  seen  to  sh ift in a  cranial d ire c tio n . A lens appears la teral to  each  optic  

c u p . F inal transform ation of the  card iac  tube into a  defin itive  heart is 

beginning . L obes appear in the en larg ing  liv e r . The m esonephroi have now 

converged caudal ly . The stom ach is  further d ifferen tia ted  a s  is  the  analogue 

of the peritoneal o rg an s . The vertebral column sep a ra te s  from the som ites and
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begins to  assum e its  defin itive  p o s itio n . Both the  an terio r and posterior 

ex trem ities  have grown a  g rea t d e a l . E x ternally  a  subd iv ision  o f the 

ex trem ities  can  be noted but in ternally  the  d ifferen tia tion  is  not a s  ap p aren t.

E arly  F e ta l Development 

Development is  com pleted during the  fifteen th  to  th e  s ix teen th  d a y . 

During the  fifteen th  day the  prenatal form is  suggested  by  th e  formation o f th e  

trunk p ara lle led  by growth o f the  peritoneal organs and further developm ent of 

th e  facial a rea  and d ifferen tia tion  o f th e  s k u ll . A lso th e re  re su lts  further 

d ifferen tia tion  o f the  nasa l septum  and m andib le. Developm ent o f the heart 

is  continued and the  iobes o f th e  liver are en la rg ed . T he s tom ach , p ancreas 

and the  m etanephroi are form ed. T he vertebral column and bones of the 

ex trem ities  are in th e ir  p recartilagenous s ta te .

M aturation of the organs and p recartilagenous developm ent of the  

sk ele to n  and ex trem ities  continue throughout the s ix teen th  d a y . By th is  tim e , 

th e  sk in  has becom e re la tive ly  th ic k .

L ate  F e ta l Development 

The seven teen th  day marks th e  period of final developm ent. 

O ssifica tio n  of the  nasal b o n e s , m axilla and mandible g ive the  face its  adu lt 

ap p ea ran ce . F ina l arrangem ent of the  brain ta k es  p lace  w ith  minor growth 

occu rring . The sacra l region and p e lv ic  v isce ra  grow and develop in ten s iv e ly . 

T he sev en teen th  day marks the  beginning of skele ta l m aturation w ith calcium  

deposition  in b o n e s . O ssifica tio n  is  in itia ted  in the  m and ib le , skull and the
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vertebra  of the  trunk reg ion . T he r ib s , s c a p u la , p e lv is  and extrem ity 

bones are  in only a  p recartilagenous s ta g e . The liver and peritoneal 

o rgans further develop and are  now richly  supplied w ith  b lood . The 

ep iderm is has thickened and com pletely d iffe ren tia ted .

On the  e ighteenth  day of fetal developm ent o ss if ica tio n  con tinues 

and is  now p resen t in the  r ib s ,  vertebral colum n, marginal regions o f the  

skull bones a s  well a s  in the  ex trem itie s . During the  following days 

o ss if ica tio n  co n tin u es , how ever, o ss if ica tio n  of the  sternum  is re la tive ly  

la te .  The sacra l a rea  becom es extended parallel w ith  developm ent of 

the  pelv ic  organs^ ca lc ifica tio n  of the  sacral vertebra beg ins on the  

n ineteen th  d a y . The skull e s ta b lish e s  its  prenatal s h a p e . The 

rhinencephalon moves to  the  facial a rea  and the  te lencephalon  surrounds 

th e  d iencephalon . The m etencephalon is  fully d ifferen tia ted  and th e  re s t 

of the  brain has not increased  much in leng th . The head to  trunk ratio  on 

th e  seven teen th  day is  1 : 1 . 3 ;  on the  tw en ty -second  day the  ratio  is  

1 : 2 . 5 .

On the  tw en ty -firs t and tw enty-second  day  only  the  rib 

attachm en ts show o ssif ica tio n  c e n te rs , m aturation of th e  ribs appears to 

be a  post-partum  e v en t. Growth during the  e igh teen th  to  the  tw en ty - 

second day is  accom panied by increase  in w eight o f the  fe tus and 

considerab le  m aturation of organs and o ssif ica tio n  (Von Brock and 

von K reybig , 1 9 6 4 ) .

The ra ts  are born b lin d , h a ir le s s , w ith a  short t a i l ,  c losed  e a rs
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and underdeveloped lim b s. Up to  the  tim e the  young ra ts  are tw enty-one 

to  tw enty-tw o days of postnata l a g e , th ey  are  dependent upon th e ir 

m others (D onaldson, 1 9 2 4 ) .

Developm ent of H em atopoietic O rgans 

From the  e ig h th  to  th e  fifteen th  day of g e s ta tio n , blood is  formed 

in blood is lands in th e  la teral w a lls  of the  extraem bryonic coelom or yolk 

s a c .  Blood is lands are  aggregates  of mesenchymal c e l ls  in the sp lanchno- 

p le u re . H em ocytoblasts appear in them before the  endothelium  has d ifferen ti

a te d .  T hey are the  only source of red c e l ls  for the  embryo through day e lev en . 

T h is  yolk sac  hem atopoiesis provides th e  generation of prim itive ery throcytes 

w hich  are  excep tionally  large nucleated  c e l l s .  T hey  may have volumes some 

four or five tim es th a t o f ery th rocy tes of the  adult r a t ,  and may be compared 

w ith  norm oblasts of bone marrow (R ugh, 1 9 6 8 ) .  During day e leven  and 

tw e lv e  many e ry th rob lasts  may be seen  in m ito s is . A fter day fifteen th ese  

c e l l s  tend  to  dim inish rap id ly . The yolk sac  erythroid c e l ls  en ter the  fetal 

c irc u la tio n , and th e ir  number in the  peripheral blood app ears  to remain 

c o n s tan t from the  tw elfth  to  the  fifteen th  day of g esta tio n  and then  d ecreases  

rap id ly  (R u sse ll, 1 9 6 3 ;  Craig and R u ss e ll ,  1 9 6 4 ) .

In the  early  em bryo, e ry th rocy topo iesis  ap p ears  to  be largely  in tra - 

v a sc u la r . L a te r , m ost hem atopoiesis inside the body o f the embryo is e x tra -  

v a sc u la r  in the liv e r , sp leen  and bone marrow, the  c e l ls  secondarily  

m igrating into the blood v e s s e ls  where th ey  undergo further d ifferentiation
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(Gilm our, 1 9 4 1 ) .

Experim ents w herein  b its  of yolk s a c  o f a  young ra t embryo were 

im planted into a  neutral environm ent, such  a s  th e  an terio r cham ber of the 

e y e ,  proved th a t the firs t free c e lls  o f the  blood is lan d s  are capab le  of 

d ifferen tia ting  into prim itive e ry th ro cy te s, d efin itive  red blood c e l l s ,  and 

granular leukocytes (A rey , 1 9 6 6 ) .

From the  tw elfth  to  the  s ix teen th  day  the  liver begins ac tiv e  hema

to p o ie s is  (B orghese, 1 9 5 9 ;  R ussell and B ern s te in , 1 9 6 6 ) .  At nine days 

th e  liver diverticulum  f ir s t  forms in the  region of th e  foregut and then  begins 

to  p ro liferate  rap id ly . T he  definitive liver m akes its  appearance a t ten  

d ay s  of gesta tio n  when ep ith e lia l cords of th e  liver c e lls  begin to  d ifferen tia te . 

By ten  and o n e -h a lf  days th e  liver acq u ires  large blood v e s s e ls  w hich will 

la te r  jo in  the  v ite llin e  v e in s .  By day e lev en  the  liver c e lls  surround the 

hepatic  vein and are c lo se  to  the  posterio r vena c a v a . Blood c e l ls  appear 

in the  forming blood v e s s e ls  of the liver only a fte r c ircu lation  is  e s tab lish ed  

on the  ninth d a y . At th is  tim e the  liver m ass is  full o f s in uso ids and is 

invaded by m esenchym e. By day tw elve many ea rly  hem atopoietic c e lls  

interm ingled w ith the hepatic  c e lls  are seen  in the  liv e r . Some of th e se  

a lso  lie  free w ith in  the  hep a tic  blood v e s s e l s .  T h ese  c e lls  include 

hem ocy tob lasts , m y e lo b la s ts , p rom yelocy tes, polym orphonuclear c e l l s ,  

p ro e ry th ro b las ts , b asoph ilic  e ry th ro b la s ts , polychrom atophilic ery thro

b la s ts  and norm oblasts . T he la s t th ree  are  formed in substan tia l numbers 

w hile  the  o thers  are le s s  th an  one percen t (R ugh, 1 9 6 8 ) .  By day th irteen
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the  p resence  of some m egakaryocytes and many nucleated  red c e l ls  indicate 

th a t th e  liver is functioning a s  a  hem atopoietic o rg an . By day f if te e n , 

b ile  c ap illa r ie s  devoid o f blood c e l ls  and surrounded by cords o f liv e r c e lls  

can  be d istingu ished  from blood filled  c a p il la r ie s .  In th e  s ix teen  day 

em bryo, all of th e se  e lem en ts  have increased  in number and volum e, w ith 

th e  quantity  of d ifferen tia ting  blood c e l ls  appreciab ly  in c reased . T he 

p resen ce  in the  liver o f numerous s in u so id s  and blood c e lls  in various 

s tag e s  o f developm ent ind ica te  th a t the  function of the  liver in an  e igh teen  

day embryo is more hem atopoietic than  en d o crin e . From day tw elve to  

s ix teen  the  liver is a lm ost ex c lu siv e ly  hem atopo ietic . Some of th e  hema

to p o ie tic  foci remain a fte r  b ir th . The hepatic  e ry th rob lasts  are sm aller 

in s iz e  than  blood is lan d  ery throcy tes (M arks and K ovach, 1 9 6 6 ) .

During the th ir teen th  through the  fifteen th  day of g esta tio n  the  

sp leen  is  contributing to  hem atopoiesis (B o rg h ese , 1 9 5 9 ) .  T he sp leen  

may f irs t be identified  a t  day th irteen  located  ju s t dorsal to the  stom ach 

and near the  level o f th e  g o n a d . It develops in s itu  in the  m esenchyme 

and is  suspended by th e  dorsal m esogastrium  into the  peritoneal c a v ity .

By seven teen  days it h as  begun to  e longate  and by e igh teen  d ays it is 

a  long s lender o rg an . T he typ ica l pulp a re a s  have not appeared a t  th is  

tim e . S p leens from em bryos of seven teen  d ays g esta tio n  are found to  be 

compoeed alm ost en tire ly  o f tis su e  w hich has a  myeloid ap p ea ran ce . 

Lymphoid c e lls  do not begin  to  appear until la te  in gesta tion  (n ineteen  

to  tw enty-one days) .
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From birth  to  th ir ty -fiv e  d ay s  th e  sp leen  grows rapidly and a tta in s  

its  ad u lt w eight during the  s ix th  po stn ata l w eek . T he w hite pulp shea th  

becom es more ev iden t during th is  p e rio d . T he lymphoid nodules appear 

during th e  th ird  postnata l w eek .

No hem atopoietic ac tiv ity  beg ins to  occur in the  bone marrow until 

the  s ix te en th  or seven teen th  day of g esta tio n  and th en  rem ains a lm ost 

ex c lu s iv e ly  leukopoietic  until b irth  (B orghese, 1 9 5 9 ) .  A fter b ir th , the 

bone marrow becom es the  primary s ite  of e ry th ro p o ies is .

H em atopoiesis

Two sharp ly  con trasting  v iew s are  held concerning the  e x a c t origin in 

mammals o f the  various blood e lem en ts . E hrlich  ( 1 8 8 0 ) ,  the  in itia to r of 

modern hem atology, considered  th a t the  e ry th ro b las ts  and m yelob lasts  had 

an orig in  d ifferen t from th a t of the  lym phob lasts . T h is  is  the  so -c a lle d  

"d u a lis tic "  in terpreta tion  of the  orig in  of the  blood c e l l s .  It is  one of the 

m odifications of the  "polyphyletic" theory  w hich p o s tu la te s  th a t th e re  are 

two or more v a rie tie s  of stem  c e lls  from w h ich , most commonly, th e  erythro

c y tes  and granular leukocy tes are derived  from one mother c e l l ,  w hile  the 

nongranular leukocy tes tra ce  th e ir a n c e s tr ie s  to  a  separa te  stem  c e l l . Most 

modern hem ato log ists support the "m onophyletic" theory of Maximow ( 1 9 2 4 ) .  

His view  s ta te s  th a t there  is  only only hem atogenous stem  c e l l ,  th e  

prim itive blood ce ll or hem ocytob last. T here is  s t i l l ,  how ever, a  lack 

of agreem ent on the  p rec ise  re la tionsh ip  o f the  d ifferent v a rie tie s  o f blood c e lls
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to  each  o th e r . M ost investiga to rs  be lieve  th a t in the  early  s tag e s  of develop

ment there  is  only  one hem ocytopoietic ce ll w hich g ives o rig in , in several 

d ifferen t s i tu a tio n s , to  myeloid (erythrocytes and granular leukocytes) and 

lymphoid (lym phocytes and probably monocytes) e lem en ts .

T he problem of hlood developm ent is  further com plicated by lack  

of agreem ent on the re la tio n sh ip s  o f the  d ifferen tia ting  blood ce ll to  the  

endothelium  (Hamilton e t  éd . ,  1 9 6 2 ) .  Some w orkers believe th a t the  

e ry throcy tes a r is e  in travascu larly  and the  g ranulocytes e x trav ascu la r ly .

T h is  descrip tion  is  b ased  upon the  "m onophyletic" method of blood 

formation and the  information given is  from Hamilton e t  a l . ( 1 9 6 2 )  and 

Ham ( 1 9 6 9 ) .  T he mother ce ll from w hich various blood e lem en ts are 

thought to  be d ifferen tia ted  is  c a lled  the  hem ocytob last. It is  a  spherical 

or s lig h tly  polygonal cell w ith  a  basophilic  cy to p lasm . Its nucleus is  

large and co n ta in s  an  ac idoph ilic  n u c leo lu s . From such  parent c e l l s ,  all 

blood e lem en ts  a r is e .  The hem ocytoblasts p ro lifera te  by m itosis  so th a t 

sm all groups of them are form ed. S u b seq u en tly , some of th e se  acquire 

hemoglobin (prim itive e ry th fo b la s ts ) . E arly  in developm ent hem ocyto- 

b la s tic  c e l ls  in the  yolk sac  w all give origin to  m y e lo b lasts , then  to  the 

prim itive e ry th ro b las ts  w hich la te r indirectly  transform  into prim itive erythro

c y te s .  A m eyloblast is  a  large c e l l . Its nuc leus is  ovo id , may show some 

in d en ta tion , and is u sually  ac id o p h ilic . The m yelob lasts  give r ise  to  a  

som ewhat sm aller c e l l ,  th e  p ro ery th ro b las ts . Chromatin in th e ir  nucleus 

is  som ew hat co arse r than  th a t o f the  m yeloblast and th e ir  nucleoplasm  is
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b a so p h ilic . Two prominent nucleoli are  usually  p re s e n t. T he cytoplasm  

of the  p roery throblast is  a lso  som ewhat basophilic  and le s s  in amount than 

th a t o f the  m yelob last.

P roery th rob lasts  give r ise  to  c e lls  known a s  basoph ilic  e ry th ro b la s ts . 

T he b aso p h ilic  ery th rob last is  som ewhat sm aller than  th e  p roery th rob last.

T he chrom atin of its  nucleus is  more dense  and appears in the  form of coarse  

g ranules w hich are often c lum ped. T he nucleus ex h ib its  no nucleoli and 

its  s ta in in g  reaction  is  s till  more basoph ilic  than  th a t o f the  p roery th rob last. 

T he cytoplasm  is  a lso  more baso p h ilic  than  th a t of th e  proerythroblast and 

when b a s ic  d yes are used its  co lo r ranges from a  m oderate to  a  deep b lu e .

B asophilic  e ry th ro b las ts  give r ise  to  c e l ls  w hich are somewhat 

sm a lle r . T h e se  are ca lled  polychrom atophic e ry th ro b la s ts . The cytoplasm  

in th e se  s ta in s  w ith polychrom atic d y e s . T he nuc leus of th e  polychrom ato- 

ph ilic  e ry th rob last is  somewhat sm aller than  th a t o f th e  basoph ilic  ery thro

b la s t ,  and its  chrom atin is  in the  form of coarse  g ranu les w hich are commonly 

clum ped so th a t the  nucleus is  very b a so p h ilic . No nucleoli can  be s e e n .

Polychrom atophilic e ry th ro b las ts  experience two fa te s .  O ften when 

erythroid  a c tiv ity  is  increased  becau se  of a  need for more red c e l l s ,  the 

nuc leus o f th e  polychrom atophilic ery th rob last becom es pyknotic and is  

extruded w hile  the  cytoplasm  is  s till po lychrom atophilic . T h is  re su lts  in 

th e  form ation of a  polychrom atophilic ery th rocy te . More common, a s  they  

continue to  d iv id e , they  loose th e ir  cytoplasm ic b a so p h ilia . W hen th is  

h ap p en s , the  ce ll is  termed a  norm oblast b ecause  it is  going to  give rise  to
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norm ocytic e ry th ro cy tes. A norm oblast has a  small spherica l dark s ta in in g  

n u c le u s . Normally, th is  is  lo s t by ex tru s io n , a t w hich tim e the  cell is  

c a lled  an ery th rocy te .

The hem ocytoblasts are  a lso  capab le  of giving r is e  to  granular 

leukocy tes; m egakaryocytes, m onocytes and lym phocytes. In the  yolk s a c ,  

in addition  to  hem ocytoblasts and e ry th ro b la s ts , some m egakaryocy tes, a  

few phagocytic c e lls  and p o ssib ly  prim itive m yelocy tes, are  p re se n t.

Three kinds of granular leukocytes develop from descen d en ts  o f the  

m y e lo b lasts . In forming granular leu k o cy tes , the  firs t ce ll of the  line is  

known a s  a  prom yelocyte. T h is  is a  large cell w ith an  appearance sim ilar 

to  the  m yelob last. The prom yelocyte d ifferen tia tes  into a  m yelocyte. T he 

nuc leus of the m yelocyte ex h ib its  a  moderate degree o f inden ta tion . The 

chrom atin of its  nucleus is  more condensed  and the  granular cytoplasm  is  

not so basophilic  a s  th a t of m yelob lasts  and prom yelocy tes.

M yelocytes form the th ree  kinds of granular leu k o cy tes : neutro

ph ilic  leu k o cy tes , eso inophilic  leukocytes and b asoph ilic  leu k o cy tes .

A fairly mature neutrophil has an indented n u c le u s , and its  cy to 

p lasm  contains a  good complement o f g ran u le s . T h ese  are  u sually  confined 

to  the  bone marrow. W hen detec ted  in the  peripheral blood they  are  referred 

to  a s  juvenile  neu troph ils .

In the formation of an  eosinophil the  indented nucleus generally  

develops a  deep co n str ic tio n . T h is  deepens to divide th e  nucleus into 

tw o lobes th a t usually  remain joined together by a  strand  of nucleop lasm .
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A s th e  constric tion  d e v e lo p s , the  chrom atin of the  nuc leu s  becom es somewhat 

co n d en sed . The nuc leus of eosin o p h ils  are pa ler th an  th o se  of n eu tro p h ils .

In the  formation o f a  basoph ilic  leu kocy te , the  nucleus o f a  mature 

basoph ilic  myelocyte undergoes le s s  change than  occu rs  in the form ation of 

e ith e r the  neutrophil or e o s in o p h il. Irregular co n str ic tio n s  may appear in it 

to  give an  irregular o u tlin e , but generally  it is  not broken up into lo b e s . S ince 

its  chrom atin does not become co n d en sed , it s ta in s  only  very lig h tly . In 

c o n tra s t ,  its  granules s ta in  d eep ly , and a s  a  re su lt th e  nucleus te n d s  to  be 

o b scu red .

M yelocytes d ifferen tia te  along a  th ird  su b -lin e  to  form m ega

karyocy tes; th e se  c e l ls  give r ise  to  th e  p la te le ts  o f th e  b lood . T h e ir 

nuclei become so large b ecause  they  go through m ito s is , but the  daughter 

nuclei do not sep a ra te  and the  cytoplasm  does not d iv id e . T heir nuclei 

are  deeply b a so p h ilic , w hereas th e ir  cytoplasm  s ta in s  ligh tly  w ith  b a sic  

dyes and may con tain  fine g ran u les.

The lym phocytic stem  cell o r lym phoblast a lso  d iffe ren tia tes  from 

th e  hem ocytoblast. Such  c e lls  are looked upon by som e a s  large lympho

c y te s .  It has been accep ted  th a t lym phoblasts can d iv ide  and give r ise  

to  sm aller c e l l s ,  w hich a re  term ed large lym phocytes and th a t th e se  c e l ls  

d iv ide and give r ise  to  small lym phocytes. The chrom atin of th e ir  nuclei 

is  alm ost all condensed  so th e ir  nuclei are very sm all and they  have very 

l i t t le  cy top lasm . N ucleoli are  not seen  in the  nuclei of lym phocytes.

W hen stained  w ith  blood s ta in s ,  the  cytoplasm  of lym phocytes con tain
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redd ish-purp le  g ra n u le s .

The hem ocytoblast or mother ce ll a lso  g ives r ise  to  another cell 

ty p e , the  m onocyte. T he nuclei are frequently  ovoid and some may be 

indented giving a  k idney-shaped  ap p ea ran ce . The chrom atin of the  

nuc leu s  is  d isp ersed  in a  network of g ra n u le s . The cytoplasm  of the  

monocyte is re la tiv e ly  abundant and com prises a  large part o f the  c e ll; 

its  color w ith blood s ta in s  such  a s  W rightfs is  a  g ray -b lu e . The mono

c y te s  have the  a b ility  to  extend and w ithdraw  pseudoopodia w hich a llow s 

them  m otility . In t is s u e s  monocytes can  develop into m acrophages.

The following is  a  study of th e  developm ent of homozygous 

embryos resu ltin g  from a  mating betw een m ales and fem ales. 

P e e p le s  ( 1 9 7 1 ) ,  has indicated  th a t approxim ately one-fourth  of the 

em bryos from such  m atings are  destined  to  d ie ,  e ith e r before or shortly  

a fte r  b irth . H em atocrit s tu d ies  have confirmed th a t the  25%  affected  by 

th is  le tha lity  a re  an em ic , th u s ,  sp ec ia l considera tion  w ill be given to  

a  descrip tion  o f the  h is to g en es is  of the  blood forming organs and c e l l s .  

Em phasis w ill be p laced  on the  1 5  and 2 0  day fe tu s e s , s ince  prior to  

th is  tim e during developm ent it is  d ifficu lt to  determ ine w hich embryos 

are  hom ozygous.



CHAPTER il 

MATERIALS AND METHODS

Experim ental A nim als 

A dult re s tric ted  (H*̂ )̂ female ra ts  w ere mated to  ad u lt re s tric ted  m ales 

by p lacing  two m ales in e ach  breeding cag e  w ith approxim ately e ig h t fem a les . 

D aily vaginal sm ears w ere performed on each  female to  determ ine th e  date 

th ey  w ere insem inated . If sperm were p re s e n t, it w as assum ed th a t g esta tio n  

had b eg u n . From midnight preceding the  morning when sperm  w as d iscovered  

in the  vaginal sm ear to  midnight fo llow ing, w as assum ed to  be day-one of 

g e s ta tio n . A s soon a s  the  fem ales becam e pregnant th ey  w ere p laced  by 

th em selv es  in a  sep ara te  c a g e . S u b seq u en tly , the en tire  li t te r  w as removed 

from e ac h  fem ale . L itte rs  w ere removed from fem ales a t  f iv e , e ig h t ,  n in e , th ir t

een, f if te e n , and tw enty days o f g e s ta tio n .

P rio r to  removing em bryos, the  mother w as a n es th e tiz ed  by 

in traperitoneal in jection  o f 4  m g /1 0 0  g .  o f body w eight o f sodium 

p en to b arb ita l. A fter rem oval, th e  em bryos were fixed in te n  percen t 

neutral buffered formalin for a t  le a s t  4 8  h o u rs . A few p lacen tae  and a ll 

o varies from the  m others w ere a lso  removed and trea ted  in the  sam e m anner.

The m others were then  sac rif ic e d .

23
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H istology

Embryos from f iv e , e ig h t, n in e , th ir te e n , fifteen  and tw enty day 

litte rs  w ere fix ed , dehydrated,embedded in p a ra ffin , and sec tioned  seria lly  

a t ten  m icrons (Table 1 ) .  T he sec tio n s  w ere p laced  on s l id e s ,  stained  

w ith H arris ' hematoxylin and e o s in , and covered w ith g la ss  c o v e rs lip s .

L ivers  d issec ted  from fe tu ses  in fifteen and tw enty day litte rs  

were p laced  in ten  percen t neutral buffered formalin for a t le a s t  4 8  hours. 

Some liv e rs  from normal and some from homozygous re s tric ted  fe tu ses  in 

each  lit te r  w ere p rocessed  by the  paraffin  embedding technique and ultim ately 

sec tioned  a t  five m icrons. T h ese  sec tio n s  w ere p laced  on s lid e s  and 

sta ined  w ith  the  Giemsa te ch n iq u e . In a d d itio n , a  p iece  o f liver from 

each  type  fe tu s w as touch-sm eared  on s l id e s ,  fixed in methanol and 

s ta ined  using  the  Giemsa and W right te ch n iq u es .

Hematology

All s tud ies under th is  heading w ere made from fifteen  and tw enty 

day old f e tu s e s .

A com parison w as made betw een the  re la tiv e  number o f hem atopoietic 

c e lls  in liv e rs  of homozygous and normal f e tu s e s . To do t h i s ,  a  s lide  of a  

sec tion  o f liver from each  animal s tud ied  w as p laced  under oil immersion.

The number of hem atopoietic c e lls  in e ac h  of tw elve randomly chosen 

4 3 . 5 6  square micron (the a rea  of e a c h  square  in an  eyppiece grid used 

for counting) a reas  near the  periphery o f such  a  sec tio n  were then  co u n ted .
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TABLE 1 

ANIMALS USED

Number o f 
lit te rs

Number of 
offspring

Age of embryos 
in litte r

H eterozygous Homozygous

2 1 8 - * 5

2 1 3 - 8

2 1 8 - 9

3 2 4 - 1 3

5 3 9 9 1 5

3 1 9 6 2 0

*  =  unable to  determ ine homozygous condition
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T h is  w as done using liver s ec tio n s  from two normal and two homozygous 

fe tu ses  in each  group. The sam e procedure w as  used  for counting hema

to p o ie tic  c e lls  in the bone marrow of the  ex trem ities  of tw enty day  an im als . 

T h ese  counts were made in th e  o ssifica tio n  c e n te rs  of long b o n e s . In 

ad d itio n , the  ratio  of mature to  developing ery th rocy tes p resen t in livers 

from the  fe tu ses  studied a lso  w as c a lc u la te d . T h e  procedure involved 

counting a  to ta l o f 3 5 0  hem atopoietic c e lls  in a  few randomly chosen  

a re a s  on each  s l id e . A lso under oil im m ersion, the  diam eter o f mature 

ery throcy tes cn tc^ch  sm ears and in sec tio n s  o f livers  from normal and 

homozygous specim ens w as m easured w ith an  ey ep iece  m icrom eter.

Two hundred such  c e lls  were m easured in sm ears and sec tio n s  o f two 

fe tu ses  of e ach  ty p e .

In order to  compare th e  average number o f ery throcytes in the 

cu taneous v e s se ls  o f each  fe ta l type s tu d ied , th e  number of su ch  c e lls  

w as counted in a  c ro ss  sec tio n  o f tw enty d ifferen t v e sse ls  of sim ila r 

s ize  in each  of two fe tu ses  o f e ac h  animal ty p e .

Photography

W hole fe tu ses  were p laced  on an illum inator box , th en  photographed 

w ith a  Speed Graphic cam era on 3  1 / 4  x 4  1 / 4  p lus X -panchrom atic 

professional shee t film . T he cam era 's  F -s to p  w as se t a t 5 . 6  w ith  a  

s ix  second exposure tim e . N egatives were developed in Kodak D -1 1 .

P rin ts  were made on F - 2  Kodabromide developed in D ektol.
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Black and w hite and color m icrophotographs were made w ith  

L e itz  A ris topho t, 4 x 5  B ellow s cam era . F or th e  b lack  and w hite 

p ic tu res  a  L eitz  M acro-D ia apparatus and a  Summar M acro ob jec tive  

w ere used w ith the  cam era . Four by five Kodak E ktapan film w as used for 

th e se  and the  negatives w ere developed in Kodak D -7 6  using th e  tim e 

tem perature m ethod. P rin ts  of th e se  were made on Kodak Kodabromide F 

paper and developed in D ek to l.

For the  color photographs of liv e rs  and blood sm ears , a  L eitz  

Ortholux R esearch  m icroscope w as used w ith  th e  cam era . The ob jec tive  

on th is  w as 2 5  X Apochrom atic w ith a  6 . 3  X (M) negative com pensating 

e y e p ie c e . A one second exposure w as used  on 4  x 5  Kodak E ktaco lor L 

film . N egatives were com m ercially p ro cessed  and printed on Kodak p ap er.



CHAPTER III 

R ESU LTS

F iv e  Day Embryos 

W ith  methods u s e d , d ifferen tia tion  betw een embryos d e s tin ed  to  

become e ith e r heterozygous or homozygous re s tric ted  ad u lts  and th o se  th a t 

would be norm al, w as im possible up to  fifteen  days of developm ent.

A t five days of g e s ta tio n , th e  em bryos have traversed  the  

h llo p ia n  tu b e s  and are in the  uterine ho rn s . Two individuals in a  litte r  

of th irteen  w ere beginning to  invade the  epithelium  of the  uterine c ry p ts .

T he rem aining e leven  of th is  litte r  w ere lying free in the  uterine tu b e s .

T he decidual c e l ls  around th e  two im planting em bryos were large and 

nucleated  and  the  surrounding a rea  w as engorged w ith  maternal b lo o d .

A t th is  s tag e  of developm ent (early  formation of th e  b lastoderm ic v e s ic le ) ,  

no ev idence o f embryonic or extraem bryonic blood formation e x i s t s .

E ight Day Embryos 

T he decidual c e l l s ,  contain ing  one or two n u c le i, form a  m assive 

decidual lay er w hich com pletely  envelops the  em bryos.

It is  seen  a t th is  s tag e  (see  P la te  II , F ig s .  3  and 4 ,  in A ppendix),

28
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th a t R e ich e rt's  membrane is  w ell form ed. T he embryo is  surrounded by a  

yolk sac  cav ity ; how ever, there  is  no ev idence of blood is la n d s .

T he outerm ost c e l ls  of the  egg cy linder or inner ce ll m ass are 

ta li  colum nar, u sually  about one ce ll layer th ic k . The inner ectoderm  

ex h ib its  several layers of cuboidal c e l l s .  Endoderm surrounds th is  

ectoderm  (see P la te  II , F ig s .  3 ,  4  and 5 ,  in A ppendix).

At th e  posterior margin of the  egg cy lin d e r, mesoderm can  be 

seen  forming betw een th e  ectoderm  and endoderm . It appears a s  sca tte red  

mesenchymal c e l l s .  T here is  a lso  ev idence  of the  am niotic cav ity  

surrounded by ectoderm al c e lls  (see  P la te  II , F ig . 5 ,  in A ppendix).

Nine Day Embryos

T h is  s tag e  of developm ent in the  ra t is charac te rized  by appearance 

of the  analogue of m esoderm .

The am nio tic , extraem bryonic and yolk sac  c a v itie s  are p resen t 

(see  P la te  III, F ig . 6 ,  in A ppendix). T he primary embryonic and e x tra 

embryonic ectoderm  lining and am niotic cav ity  are read ily  d iffe ren tia ted . 

Blood is lands now p resen t in the  yolk sac  con tain  hem ocy tob lasts , 

prim itive e ry th ro b las ts  and prim itive ery throcy tes (see  P la te  III, F ig .  6 ,  

in A ppendix).

T he prim itive s treak  beg ins a t one part of the  margin of the  egg 

cy linder a s  a  th ickening  of embryonic ectoderm  (see  P la te  III, F ig . 6 ,  

in A ppendix). A t nine days of g e s ta tio n , the  embryonic ectoderm  a t one
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edge of the  prim itive streak  th ick en s  to  begin  forming th e  head p ro c e s s .

T he endoderm w ithin the  fold formed by th is  head p ro c e s s , is  the  beginning 

o f the  foregut (see P la te  III, F ig .  6 ,  in A ppendix).

M esenchym e aris in g  from the  p o sterio r portion o f the  prim itive 

s treak  grows into the extracoelom ic cav ity  to  form the  a l la n to is .

T he c ircu lato ry  system  d eriv es  from blood is la n d s , aggregations 

o f mesenchymal c e lls  in the  mesoderm of th e  splanchnopleure (see P la te  III, 

F ig .  6 ,  in A ppendix). During th is  s tag e  of developm ent, one s e e s  the  

f jrs t s tag e  of blood ce ll form ation.

T h irteen  Day Embryos

M orphologically , m esenchym al, ectoderm al and endodermal c e lls  

a re  d ifferen tia ting  and many of the  internal organs can  be d iscerned  (see  

P la te  III, F ig .  7 ,  in A ppendix). Organ d ifferen tia tion  occurs in seven  

o f the  nine observed em bryos.

Two of the  nine ex h ib it fibrinoid substan ce  invading the  decidua 

(see  P la te  III, F ig . 8 ,  in A ppendix).

T here  were no obvious d ifferences betw een each  of the  other 

s e v e n . T he number of hem atopoietic c e l ls  in th e ir  liv e rs  ranges from 

5 . 7  to  2 6 . 8  c e lls  per square mm. D ifferences betw een the  number of 

such  c e l ls  in one embryo a s  opposed to  th a t in any of the  o thers w as 

in s ig n ifican t.

In P la te  III, F ig . 7  (in A ppendix), the  liv e r and its  v ascu la rity
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can  be s e e n . A lready the  liver seem s to  be e s tab lish in g  its e lf  a s  a  hema

to p o ie tic  c e n te r . A lso , it dem onstrates defin itive hepatic  c e lls  and s in u so id s . 

T he s inuso ids and forming blood v e s s e ls  contain  prim itive e ry th ro b la s ts , 

and show evidence of developing p ro ery th rob lasts , b asoph ilic  ery th rob lasts  

and polychrom atophilic e ry th ro b la s ts . M egakaryocytes are not observed 

in the  v e s s e ls  or s in u so id s .

F ifteen  Day F e tu ses  

A lthough there  w ere no s ign ifican t d ifferences in crown-rump 

length  betw een any members of the 4 8  fifteen  day fe tu se s  rem oved, nine 

w ere abnorm ally pale (see P la te  I , F ig .  1 ,  in A ppendix). T h is  color 

difference is  not apparent in younger fe tu se s  from heterozygous m atings.

A t fifteen days p o s t-fe r til iz a tio n , the integument and underlying body 

w all s truc tu res of a ll fe tu ses  are  so th in  th a t deeply  pigm ented v iscera l 

o rg an s , such a s  the  liv e r , are  v is ib le  from the  o u ts id e . T h u s , it is  

p o ssib le  to  se e  th a t the liv e rs  of homozygous anim als are  a lso  abnorm ally 

p a le .  In live an im a ls , when th e se  are exam ined under a  d issec tin g  micro

s c o p e , it is p o ssib le  to  see  th a t the  peripheral c ircu la tion  in the  hom ozygous, 

a s  opposed to  normal in d iv id u a ls , is  very  underdeveloped (Table 2 ) .

Of the  two p lacen tae  in P la te  I ,  F ig . 1 ,  (in A ppendix), the  pale 

one is  from a  homozygous fe tu s .

H em atopoietic Organs 

P la te  IV , F ig s . 9  and 1 0  (in A ppendix), rep resen t sec tio n s  of a
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TA BLE 2

NUMBER O F ERYTHROCYTES IN CROSS SECTIO N S OF 
CUTANEOUS V E S S E L S  O F  F IF T E E N  DAY FE T U S E S

H eterozygous Homozygous

D iam eter of Number o f D iam eter of Number of
v e s s e ls  in jj ery th rocy tes v e s s e ls  in Ai ery th rocy tes

1 8 4 2 7 1
2 1 7 1 8 2
1 5 5 2 1 0
2 4 1 3 0 0

Animal # 1 2 7 9 1 5 5
1 2 3 1 5 0
1 8 4 1 5 0
3 0 1 5 2 1 1
1 8 9 2 4 0
2 4 1 5 2 7 9

1 8 7 2 1 2
3 0 7 3 0 3
1 5 8 3 0 0
1 8 9 1 8 2

Animal # 2 1 5 9 2 4 4
2 1 6 2 1 1
2 1 4 2 1 0
1 5 5 1 5 3
1 5 1 2 1 5 4
1 5 8 1 8 4

A verage for 
both an im als 1 9  M 7 2 1  AJ 2
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normal and a  homozygous individual tak en  from approxim ately the  same level 

th rough the  liv e r.

Even though th e re  is  no sig n ifican t d ifference in the  average w eight 

o f a  liv e r taken  from a  normal or homozygous fe tu s , th e  to ta l re la tiv e  number 

o f hem atopoietic c e l ls  contained  w ithin th e  s in u so id s  of such an  organ from 

a  homozygous embryo is  sign ifican tly  le s s  than  th a t from a  normal one (see 

T ab le  3  and P la te  V , F ig s .  1 1  and 1 2 ,  in A ppendix). In ad d itio n , the  

ra tio  of mature to  immature c e lls  is  s ign ifican tly  g reater in livers  from 

homozygous than  from normal fe tu ses  a t  th is  s tag e  (see  T able 3  and 

P la te  V I, F ig s .  1 3  and 1 4 ,  in A ppendix). Immature forms in peripheral 

blood sm ears from homozygous fe tu se s  are  alm ost a ll norm oblastic c e l l s .  

Many ery throcytes in peripheral blood from homozygous fe tu ses  appear to 

be abnorm ally sh a p e d . C ells  so affected  resem ble the  so -c a lle d  "ta rget"  

c e l l s  often described  in several ty p es  of anem ias in man (W introbe, 1 9 5 6 ) .  

The normal appearing o nes have sim ilar average diam eters in liv e rs  from 

both fetal types (see  T ab le  3  and P la te  V I, F ig s .  1 3  and 1 4 ,  in A ppendix).

At th is  s ta g e ,  the  bone marrow has not developed a s  a  blood forming 

o rg a n , so it w ill not be d esc rib ed .

L iver Morphology 

In normal fe tu se s  a t the  fifteen  day s ta g e , ep ithe lia l c e l ls  in the  

liv e r  do not form co rds or p la te s ,  but exh ib it a  random arrangem ent. M ost 

of th e  liver c e lls  a re  round and have large round sing le  nuclei surrounded by



TABLE 3

COMPARATIVE BLOOD STU DIES ON FIFT E E N  DAY FETA L ANIMALS

A verage Range Standard D eviation

homozygous heterozygous homozygous heterozygous homozygous heterozygous

T o ta l number of hema
to p o ie tic  c e lls  per 
mmZ in liver s in u so id s

1 3 . 3 9  5 9 . 3 0

p = < C o o i

3 . 8 - 3 0 . 6 3 4 . 4 3  -  8 0 . 3 4 +  2 . 1 5 +  1 . 1 4

D iam eter In j i  of 
ery th rocy tes in 
liv e r sm ears

1 2 . 2 9  1 1 . 3 7  

P = > . 1

6 . 8  -  1 7 .0 5 . 1  -  1 5 .3 +  .2 2 +  , 2 8

homozygous heterozygous

P e rcen t of erythroid c e lls  
p re sen t (3 5 0  c e lls  
counted

L iver sm ears 
Immature 
mature

8 6 . 7
1 3 . 1

7 1 . 8
2 8 . 1

P eripheral sm ear 
Immature 
mature

6 6 . 0
3 3 . 0

3 6 . 4
6 3 . 1

u
4^
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very little  cy top lasm . A few are b in u c le a te . Some s in u so id s  are seen  

filled  w ith developing blood c e l l s .  T he portal vein and hepatic  artery  

lie  ad jacen t to  the  In te s tin e . Other hepatic  v e s s e ls  are  d is trib u ted  through

out the  liv e r . M egakaryocytes are p re sen t w ith in  the s in u so id s . Indicating 

the  hem atopoietic function o f the  liver a t th is  stage  (see  P la te  V , F ig . 1 2 ,  

In A ppendix).

In co n trast to  the  norm al, som e hepatocy tes In liv e r sec tio n s  

from homozygous fe tu ses  a re  arranged In cords or p la te s ,  and some of 

the  liver c e l ls  have taken  on the  cuboidal shape generally  a sso c ia te d  

w ith livers  o f post-partum  an im a ls . T he cytoplasm  of th e  hepatic  c e lls  

In such fe tu se s  Is more d is tin c t than  th a t seen  In the  normal hepatocyte 

a t th is  s tag e  of developm ent. However, here to o , the  p resen ce  of mega

karyocytes Ind icates th a t hem atopoiesis is  s ti l l  going on (see  P la te  V ,

F ig .  1 1  in A ppendix).

A t th is  stage  of developm ent, b ile  duct formation Is beg inn ing .

Tw enty Day F e tu s

S ix  of the tw enty-five fe tu se s  removed a fte r 2 0  days of 

gesta tio n  w ere abnorm ally p a le .  T here w as no sign ifican t d ifference 

In the  crown-rump length o f any of th e  tw e n ty -fiv e . A side  from p a le n e s s .

It Is p o ss ib le  to  determ ine th e  homozygous an im als by th ree  fac to rs ; th e se  

a re : 1) An abnorm ally low number of c ircu la tin g  red blood c e l l s  In 

peripheral (cutaneous) v e s s e ls .  In th e  heterozygous f e tu s e s ,  the  average
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number o f ery throcy tes in 2 0  sep ara te  cu taneous v e s s e ls  having an  average 

diam eter o f 2 1  microns is  9 ,  w hereas in the  homozygous the sam e a g e , 

the  average number in 2 0  sim ilar v e s s e l s ,  2 4  m icrons a c ro s s , is  2 . 2  

(T able 4 ) .  2) The observab le  liver seen  beneath  the  skin o ccu p ies  a  

sm aller a re a  in the abdominal c a v ity . 3) There is  an  apparent in c rease  

in body flu id s  giving the  fe tu se s  an edem atous ap p ea ran ce . A lso , the  

snout o f th e se  homozygous fe tu ses  is  abnorm ally short and b lu n t. T h is  

may be an  a rtifa c t produced by physica l changes re la ted  to  the edem a 

(see  P la te  I ,  F ig . 2 ,  in A ppendix).

P la te  V II, F ig s .  1 5  and 1 6  (in Appendix) represen t s ec tio n s  

of a  normal and homozygous fe tu s  tak en  from the  sam e level through the  

liv e r . A com parative a n a ly s is  rev ea ls  the  c ro ss  sec tiona l d iam eter of 

the  homozygous fetus is  sm aller a s  is  the  over a ll s iz e  o f the  l iv e rs .

N oticeable in P la te  V II, F ig s .  1 5  and 1 6  (in Appendix) is  the  

sk in  covering  the abdominal c a v ity . Both the  stratum  granulosum and 

spongiosum  of the epiderm is of th e  homozygous individual are e a c h  one 

to  two c e ll layers th ick ; w h e re a s , in the  normal individual they  e ac h  

vary from two to six  layers  of c e l l s .  In the  homozygous fe tu s , even  

though e a c h  is  composed of few er ce ll la y e rs , a ll s tra ta  p resen t in the  

sk in  o f normal ra ts  are rep resen ted , in ad d itio n , the  c e l ls  o f the  stratum  

germ inativum  of the sk in  from the  homozygous an im als  appears to  be le ss  

c lo se ly  bound together than  th ey  do in the  normal ind iv idual. T he  layer 

of subcu taneous connective t is s u e  beneath  the derm is of the homozygous
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TA BLE 4

NUMBER OF ERYTHROCYTES IN CRO SS SECTIONS OF 
CUTANEOUS V E S S E L S  O F TW ENTY DAY F E T U S E S

H eterozygous Homozygous

D iam eter of Number of Diam eter of Number of
v e s s e ls  in j i ery th rocy tes v e s s e ls  in ery throcy tes

2 1 1 0 2 1 2
1 8 8 3 6 1
3 0 9 1 8 0
1 5 5 2 1 2

Animal # 1 1 2 5 2 7 1 6
2 4 1 0 2 1 2
1 5 7 1 5 0
2 7 6 1 8 0
2 3 8 2 4 0
2 1 9 1 8 0

2 1 9 2 7 2
2 4 1 0 3 3 4
1 8 6 2 4 0
3 0 9 3 0 2

Animal # 2 1 8 1 0 1 8 0
1 5 1 0 2 4 2
2 7 1 0 4 5 1
2 7 2 0 2 1 1
2 5 1 0 1 8 2
1 8 1 0 2 1 7

A verage for 
both anim als 2 1  j i 9 2 4  M 2 . 2
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individual is much w ider th an  in the  normal ra t .

Hem atopoietic Organs

In an  attem pt to  d e tec t d ifferences betw een certa in  hem atopoietic 

organs in the  homozygous and normal 2 0  day f e tu s e s , four param eters w ere 

com pared. T h ese  were 1) liver w e ig h ts , 2) to ta l blood cell and d ifferential 

erythrocyte c o u n ts , 3 ) th e  diam eter o f the e ry th ro c y te s , and 4) th e  structural 

morphology o f the  liv e rs .

L iver w e ig h ts . T he livers of homozygous an im als w eigh about 

one-th ird  o f th o se  from normal a n im a ls . The average  w eight for the  homo

zygous an im als is  . 1 3 5  gram s. T he average w eight for livers of a  normal 

individual is  . 3 4 0  gram s.

Blood ce ll c o u n ts . T otal population of hem atopoietic c e lls  con tained  

w ithin the s in u so id s  o f th e  normal and homozygous liv e rs  are  s ign ifican tly  

d ifferent (see  T ab le  5  and P la te  V III, F ig s .  1 7  and 1 8 ,  in A ppendix).

W ith m ethods u s e d , it w as found th a t in the  liver s inuso ids of the  

ra t fe tus a t 2 0  days g e s ta tio n , there  are s ig n ifican tly  more blood c e lls  in 

the  normal anim al than  in the  homozygous individual (see  P la te  V II, F ig s .  1 7  

and 1 8 ,  in A ppendix). It w as not p o ssib le  to  d e term ine , in th is  population 

of c e l l s ,  w hether the  blood c e lls  w ere c ircu la ting  through the  livers  or being 

developed in s i tu .  T he ra tio  betw een such  c e l ls  in normal and homozygous 

fe tu ses  is  approxim ately 4 : 1 .

T he number o f mature ery throcy tes in liv e r sec tio n s  is  sign ifican tly



TABLE 5

COMPARATIVE BLOOD STU DIES ON TWENTY DAY FE TA L ANIMALS

A verage Range Standard  D eviation

homozygous heterozygous homozygous heterozygous homozygous heterozygous

T otal number of hema
to p o ie tic  c e l ls  per 
mirr In liver s in u so id s

1 3 . 0 4  5 4 . 0 2

p = < ’.0 0 1

3 . 8 - 5 7 . 3 9 2 2 . 9 5  -  1 0 7 . 1 3 +  2 . 9 4 +  4 . 2 9

T otal number o f hema
to p o ie tic  c e l ls  per 
mm in bone marrow

4 . 2 0  2 5 . 4 8

p =  < ^ 0 0 1

0  - 2 6 . 7 8 7 . 6 5  -  1 1 4 . 7 8 +  2 . 0 8 +  6 . 9 3

D iam eter in j i  of 
ery th rocy tes in 
liver sm ears

1 1 . 3 1  8 . 2 3

p = ^ . 0 0 1

6 . 8  -  1 7 .0 5 . 1 0  -  1 3 . 6 0 +  1 . 7 8 +  1 . 6 2

P ercen t of erythroid c e lls  
p re sen t (3 5 0  c e lls  
counted)

L iver sm ear 
immature 
mature

homozygous

3 8 . 0
6 1 . 0

heterozygous

7 1 . 0
2 8 . 0

w
v O
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le s s  in homozygous than  it is  in normal fe tu ses  (see  T ab le  5  and P la te  IX , 

F ig s .  1 9  and 2 0 ,  in A ppendix).

D iam eter of e ry th ro cy te s . T he liver touch  sm ears from the  homo

zygous fe tus show th a t the cy toplasm  of the  mature ery throcy tes are more 

b asoph ilic  and have a  greater average diam eter than  do th o se  of the normal 

con tro ls (see  T ab le  5  and P la te  IX , F ig s .  1 9  and 2 0 ,  in A ppendix).

Bone marrow hem atopoiesis has begun during th is  period in develop

ment but is lim ited prim arily to  the  formation o f the  leukocytic  se r ie s  until 

a fte r b ir th . T o tal re la tive  number of hem atopoietic c e lls  contained  w ith in  

o ss if ica tio n  c en te rs  in the  ex trem ities  of normal and homozygous an im als 

a re  s ig n ifican tly  d iffe ren t. T here  a re  many more in bones o f normal th an  

th e re  are in th o se  o f homozygous fe tu se s  (T able 5 ) .

L iver M orphology. A t th is  stage  o f developm ent, the  s in u so id s  and 

v ascu la r ch an n e ls  in livers from normal an im als contain  developing and 

m ature blood c e l l s .  T h u s , from its  ap p ea ran ce , the  normal fetal liver a t 

th is  stage  is  more o f a  hem atopoietic than  a  m etabolic o rg an . M ost of th e  

hepatocy tes a re  in randomly arranged p la te s  of c e lls  (some two to  th ree  

layers  th ic k ) . In c o n tra s t, th e  arrangem ent o f  th e se  c e l ls  in livers from 

homozygous fe tu se s  resem bles th a t in livers from post-partum  mature r a t s ,  

in th a t they  are  in p la te s  separa ted  by s in u so id s , and have a  more d is tin c t 

p lasm a membrane than  do livers  from normal f e tu s e s . H ow ever, a s  ind icated  

p rev io u sly , th e se  s in u so id s  con tain  fewer blood c e lls  than  do like sp a c e s  

in livers from normal fe tu ses  of th e  same age (see  P la te  V III, F ig s .  1 7  and 

1 8 ,  in A ppendix).



CH APTER IV 

DISCUSSION

H ereditary anem ias in the  r a ta t t r a c t  in terest b ecause  knowledge 

gained therefrom can provide an increased  understanding of th e  e tio logy  of 

corresponding conditions in man and b ecau se  of the ir po ten tia l value a s  a  

model for the  study of gene action  in man and other m am m als.

The preceding study of the  m anifestation  of anem ia in ra t embryos 

and fe tu ses  from res tric ted  mothers bred to  res tric ted  m ales is  lim ited to 

ce rta in  a sp e c ts  o f morphology of th e  hem atopoietic organs and of hem atology.

The observed d ifferences in e ffe c t of the gene (H*^^ in the  homo

zygous condition and in the  heterozygous or normal condition are probably 

due to  d ifferences in th e  genetic makeup of the  two gam etes involved in 

producing a  homozygous ind iv idual. T h u s , interaction betw een the  gene 

complex in each  gamete involved and th e  gene for s te r ility  and for restric tion  

o f coat color in the gam ete w ith w hich th a t particu lar one u n ite s  to  form a  

homozygous em bryo, re su lts  in variance  in expression  o f th e  mutant gene 

betw een affected  s ib lin g s . Only fe tu se s  in w hich it w as obvious th a t the 

mutant lethal gene m anifested its  full e ffe c t were compared w ith  normal 

fe tu se s  from heterozygous m atings.

41
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From knowledge gained w ith  m ethods u se d , it app ears  th a t the 

developm ent of the  homozygous embryo and subsequent fe tu s  rem ains w ithin 

normal lim its up to  day f if tee n . H em atopoietic ac tiv ity  beg ins in the yolk 

sac  a t  nine days a fte r fe rtiliza tio n  a s  it does in the  normal embryo and is  

ev iden t in the  liver of both normal and homozygous embryos by day te n .

By the  fifteen th  day of gesta tion  a  few o f a ll fe tu ses  produced by hetero

zygous m atings becam e p a le  in c o lo r . T h is  probably rep re sen ts  the 25%  

w hich Gumbreck e t a l . (1 9 7 1 )  have d esc rib ed  a s  the  le th a lity  percentage 

asc rib ed  to  th e se  l i t te r s .  Hem atocrit s tu d ie s  by th e se  w orkers have 

confirmed the anem ia (P eep les  e t  a l . ,  1 9 7 1 ) .

The pertinen t observations concerning the  e ffe c ts  o f th e  homo

zygous condition in th e se  fe tu ses  a re :  1) an  abnormal d e c rea se  in the 

w eight o f fetal livers  during developm ent; 2) a  reduction in the  re la tive  

population of blood c e l ls  c ircu lating  in the  liver; 3 ) the  occurrence of 

an increased  percen tage of mature ery th rocy tes w ith a  concom itant decrease  

in the  number of developing c e l ls ;  4 ) an  increase  in s ize  o f  mature 

e ry th rocy tes; and 5 ) the  h isto log ic  p ic tu re  o f th e  liver in d ica te s  tha t 

it re ach es  its  hepatic  function a t  an abnorm ally early  s tag e  o f develop

m ent, and concom itantly  re lin q u ish es  i ts  hem atopoietic a c tiv ity .

Two of the th irteen  day em bryos exam ined were being re sorbed 

(see  P la te  III, F ig . 7 ,  in A ppendix). S in ce  th is  frequently  occurs 

norm ally in ra ts  (G riffith , 1 9 6 7 ) ,  and s in ce  approxim ately 25%  of the 

em bryos studied  were pale in c o lo r , it is  assum ed th a t th is  resorp tion  w as
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not a  reflec tion  of ac tiv ity  o f the  gene for res tric tio n  of coat co lo r and 

s te r i l i ty .

A nem ias in th e  ra t have not been thoroughly in v e s tig a te d . W introbe 

and Schum acker (1 9 3 3 )  and W introbe (1 9 3 6 )  have; recognized th a t 

m acrocytic anem ia in nnan may occur in a sso c ia tio n  w ith  certa in  

d is e a s e s  of the  liv e r. It has been suggested  th a t m acrocytic anem ia 

in certa in  c a s e s  of liver d is e a se  may be a  re su lt o f defective  storage 

and m etabolism  of the an ti-anem ic  fa c to r. T h is  has occurred w hen damage 

to  the  liver leav es  little  functioning t is s u e  resu lting  in s ign ifican t 

dep letion  of the  sto res of hem atopoietic fa c to rs .

Inherited anem ias have been  described  in the  m ouse: sp len o - 

m egalic anem ia (H ertw ig, 1 9 4 2 ) ;  m acrocytic siderocy te  anem ia (Gruneberg, 

1 9 4 2 b )  and m acrocytic anem ia (D eA berle, 1 9 2 5 ;  1 9 2 7 ;  G runeberg,

1 9 3 9 ;  R usse ll e t  a l . ,  1 9 7 0 ) .  M acrocytic anem ias in th e se  an im als 

have occurred in connection w ith  th e  dominant spo tting  g en e , W , W'^W. • 

The f irs t abnormal a lle le  o f the  W se r ie s  w as found by L ittle  (1 9 1 5 )  

to  be le thal when hom ozygous. M ice w ith  a  WW genotype ex h ib it lethal 

anem ias (D eA berle, 1 9 2 5 ;  1 9 2 7 ) .  T h ese  anim als are  recognizably  

pale  and "b lood less"  a s  ea r ly  a s  the  s ix teen th  day of g e s ta tio n . Gowen 

and Gay (1 9 3 2 )  showed th a t the immediate cau se  of death  of WW mice 

w as th e ir  an em ia . D eA berle 's  work dem onstrated th a t a t le a s t  in the  

most sev ere ly  affected genotype the  anem ia is  a lready  p resen t four 

days prior to  b irth .
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R u sse ll and Fondai ( 1 9 5 1 )  experim ented w ith  mice of genotype 

W a, WW'^, W W . T hey dem onstrated th a t anem ia already

e x is ts  in a ll severe ly  affected  ty p es  by the  s ix teen th  day of g e s ta tio n .

In a ll the  genotypes exam ined th e  anem ia w as m acrocy tic . A lso , the 

double dom inant W genotypes lack  pigment in th e  hair and are alm ost 

com pletely  s te r i le ,  in the  ra t fe tu ses  homozygous for genes controlling  

re s tric tio n  o f co a t color and fe r til i ty , the  gradual premature in c rease  in 

hepatic  function and concom itant decrease  in hem atopoietic ac tiv ity  

w ith  accom panying m acrocy tosis of the  e ry th rocy tes in the liv e r , leads 

to  the  conclusion  th a t th is  phenomenon observed in ra ts  strongly 

resem bles th e  sim ilar defect ju s t  described  for m ice . R ussell and 

Fondai ( 1 9 5 1 )  s ta te  th a t "all flowing blood c e l ls  of a  s ix teen  day 

mouse embryo must come e ith e r  from yolk sac  o r from liver hem atopo iesis , 

s in ce  the  bone marrow f irs t becom es organized a t s ix teen  d a y s .

T h ere fo re , some defect in hem atopoiesis is  p re sen t in the  liver and 

p o ssib ly  a lso  in the  yolk sa c  o f th e se  anem ic an im a ls" . They 

concluded th a t certa in  genotypes are  lethal a t  p articu lar s tag es  

suggesting  th a t th e se  d e a th s  are  due to  failure of blood formation to 

reach  the  ab so lu te  level n ecessa ry  for continued developm ent and 

re s is ta n c e  to  minor noxious stim uli a t th e se  c ritic a l periods o f rapid 

grow th.

In the  ra t fe tu se s  s tu d ie d , when the liv e r prem aturely changes into 

an  adu lt s tru c tu re , i ts  hem atopoietic a c tiv ity  c e a s e s  to  be its  main function .
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P o ss ib ly , w ith  th is  prem ature m aturation , the  hem atopoietic e lem ents have 

not been given suffic ien t tim e to  produce an adequate  blood supply for 

th e se  an im als and m edullary ac tiv ity  has not developed adequately  to 

com pensate for the  d ecrease  in the  supp ly .

T he glycoprotein erythropoietin  (E S R  is  a  prime regulator of 

e ry th ropo iesis  in verteb ra tes  (Gordon, 1 9 5 9 ;  F is h e r ,  1 9 6 9 ;  Gordon 

and Z an jan i, 1 9 7 0 ) .  The m echanism  by w hich it induces d ifferen tia tion  

o f hem atopoietic precursor c e l ls  '.has: been bexam ined in fetal mice and 

ra t livers (Cole e t  a l . ,  1 9 6 8 ;  Paul and H unter, 1 9 6 9 ) .  Adding E S P  

to  a  cu lture o f fourteen to  s ix teen  day fetal liv e r c e l ls  increases the  ra te  

of hemoglobin production in th e se  c e lls  up to  about tw enty tim e s . T hree  

p hases  of d ifferentia tion  of th e  E S P  (committed: stem  cell have been 

postu la ted  by G oldw asser ( 1 9 6 6 )  and Dukes ( 1 9 6 7 ) .  T hese  a re :

1) sen s itiz a tio n  -  th is  may involve the  p resence  o f a  receptor protein 

th a t se rv es  a s  the  sp ec ific  a ttachm ent s ite  of th e  E S P  in the  ta rge t 

c e ll ;  2) induction -  here the  E S P  may serve a s  a  depresso r in itia ting  

transcrip tion  of genetic information concerned w ith  the  d ifferen tia tion  

of the precursor cell into the  e a r lie s t  member of th e  erythroid cell 

s e r ie s ; and 3 ) sp ec ia liza tio n  -  th is  includes further proliferative and 

m aturational p ro cesses  a sso c ia te d  w ith the  developm ent of the  more 

d is ta l members of the defin itive  red ce ll l in e .

T he pale appearance o f the homozygous ra t fetus seem s to  

begin around the  fifteenth  day of g e s ta tio n , it is  during th is  phase  of
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developm ent th a t E S F  has its  g re a te s t in fluence . If th is  substance  w as 

lacking in th e  homozygous an im a ls , a rrested  developm ent of hem atopoiesis 

could be e x p ec te d . T h is  theory fa ils  in one re s p e c t ,  i . e .  there  is  no 

d ecrease  in sp ec ia liz a tio n  of stem  c e l l s .  N orm ally, the  percentage of 

mature e ry th rocy tes fall in a  range o f 28%  w ith  approxim ately 71%  

com prising th e  interm ediate s tag es  o f developing blood c e l l s .  A t fifteen and 

tw enty days o f g e s ta tio n , the  g rea te s t percen tage o f ery throcytes are 

mature in the  homozygous individual w ith le s s  th an  40 %  being immature. 

P o ss ib ly  the  d ecrease  in the  number of immature ery throcy tes is  the 

re su lt of a  c e s sa tio n  of hem atopoiesis in the  liver before the  bone marrow 

has had the  opportunity to  make up for the  d e fic it in the  number of blood 

c e l l s .  T h e re fo re , th e se  anim als a re  left in an  anem ic condition unable 

to  su rv iv e .

On the other hand , abnormal hem atopoiesis and accompanying 

abnormal liver developm ent in fetal H ra ts  may re su lt from a  cause  

s im ilar to  th a t found in the flexed m utation in m ice .

The flexed mutant in th e  mouse c a u se s  an anem ia which is most 

severe  from the  th irteen th  to  the  s ix teen th  days of gesta tion  (Gruneberg, 

1 9 4 2 a ;  R u sse ll e t  a l . ,  1 9 6 8 ) .  T h ese  mice w ere found to  be defic ien t 

in D elta A m inolevulinate Dehydrase CALD) (M argolis and R u sse ll , 1 9 6 5 ) .  

S ince ALD c a ta ly s e s  the  conversation  of de lta  am inolevulinic acid  to 

porphobilinogen (PB G ), a  heme p resu ro r, it seem s reasonable to  assum e 

th a t th is  re la tiv e  enzyme d e fic ien cy , coupled w ith  the  inab ility  of ALD to
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respond adequate ly  in periods of hem atopoietic c r i s i s ,  might be th e  cau se  

of th e  anem ia w hich occurs in the  fe ta l period when blood volume is  

increasing  a t an extrem ely rapid ra te .

R usse ll e t  a l . (1 9 6 8 )  have shown th a t flexed mice a t a ll a g e s  are 

sm aller than normal and th a t the liv e r w eight of the fe tu ses  is  only 5 0  to  

6 0  percent th a t of normal fe tu s e s . T h u s ,  enzyme ac tiv ity  per liver is  

d e c rea se d . T he  d e c re a se  in the  re la tiv e  s iz e  and w eight of the  fe ta l livers 

from homozygous H anim als a t  a  tim e when hem atopoiesis th e re in  would 

normally be a t  i ts  p e a k , su g gests  a  d ec rea se  sim ilar to  th a t ju s t described  

for flexed m ice .

R usse ll (1 9 4 9 )  po in ts out a  para lle lism  in the  e ffec t of gene of 

th e  W -se rie s  o f mice on ery throcy tes and on pigm entation to  the  ex ten t 

th a t the  three m ost anem ic genotypes are  a ll com pletely lacking in pigm ent 

in the  h a ir. T he situa tion  in th e  ra t is  very s im ila r. H em atopoietic 

t is s u e s  come d irec tly  or indirectly  from prim itive mesenchyme (B loom , 

1 9 3 7 ) ,  and th e  main s ite s  of hem atopoiesis  are su ccess iv e ly  th e  yolk 

s a c ,  the liv e r , and the  bone m arrow. All hair pigment in th e  ra t is  believed  

to  come from m elanophores w hich m igrate from the neural c r e s t .  It hardly 

seem s p o ssib le  th a t the  p le io tropic e ffec t of the gene responsib le  for 

th e se  w idely sep a ra te  c h a rac te ris tic s  is  aimed a t the  mesenchyme and 

neural c re s t c e l l ,  s ince  so many o ther descen d an ts  o f the  same c e l ls  

appear to  be u n affec ted . R ath er, one e ffec t must be dependent on the  

o ther for its  ap p ea ran ce , or both m ust re su lt from independent gene action
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in two ty pes o f c e l l s ,  or both t is s u e s  m ust be in an  e sp e c ia lly  su scep tib le  

s ta te  to  be affected  by one gene ac tio n  ex ternal to  both a t  a  pa iticu la r 

embryonic s ta g e . The type of d a ta  p resen ted  cannot d is tin g u ish  defin ite ly  

among th e se  p o s s ib il i t ie s .

T he gene or genes in question  have ex ten siv e  p le io trop ic  e ffe c ts  in 

many t i s s u e s .  Deeper an a ly s is  of th e se  e ffe c ts  w ill undoubtedly increase  

knowledge of pathw ays of gene a c tio n , and may a lso  g ive c lu e s  to  th e  actual 

nature of the defect in hem atopoietic t is s u e  observed in th e  p resen t s tu d y .

It is  probable th a t the  p le io trop ic  gene in the  ra t finds a s  its  

ta rg e t the primordial germ c e l l s ,  m elanob lasts  or th e ir  em bryonic p recu rso rs , 

and fetal hem atopoietic c e l l s .



CHAPTER V 

SUMMARY

Young re s tric ted  (w'^^/+) m ale ra ts  were c ro ssed  w ith (H*^®/+) fe m a le s . 

S ub seq u en tly , certa in  a sp e c ts  of the  ontogeny of th e  offspring were exam ined . 

P a rticu la r em phasis w as p laced  on th e  developm ent o f th e  liver and bone 

m arrow.

No abnorm alities w ere d e tec ted  In embryos up to  fourteen d ays of

g e s ta tio n . Nine of th e  4 8  fe tu ses  exam ined a t fifteen  d ay s  were abnorm ally

p a le .  S ince the  gene Is an autosom al dom inant, th e se  were assum ed to

be homozygous em bryos. The average number of blood c e l ls  In the liver

2
s in u so id s  o f th ese  Is 1 3 .3 9 /m m  ,  w hereas tha t for th e ir  normal s ib lin g s  

2
Is 5 0 .8 8 /m m  . T he normal hem atopoietic picture in th e  embryonic livers  

a t th is  s tag e  is one o f a  p rogression  o f developing blood c e lls  from e ry th ro - 

b la s ts  through e ry th ro cy te s . Contrary to  th is ,  the  Immature c e lls  found In 

peripheral blood sm ears from fifteen  day  homozygous fe tu se s  are alm ost 

a ll norm oblasts. Some o f the  e ry th rocy tes In the c ircu la tin g  blood of th e se  

homozygous embryos are  larger than  norm al, how ever, not s ign ifican tly  s o .

At tw enty d ays g e s ta tio n , s ix  of the 2 5  fe tu se s  exam ined w ere pale 

In c o lo r . A gain , b ecau se  th is  w as about 25%  of th e  to ta l number o f em bryos
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b o rn , th ey  were considered  to  be hom ozygous. T heir liver w e ig h s  were o n e -  

th ird  of th a t of th e ir  heterozygous litte rm a te s . A t th is  s tag e  of developm ent 

th e  ra tio  of to ta l number of hem atopoietic c e l ls  in the  s in u so id s  in the  liv e r 

of normal fe tu ses  to  th a t in homozygous fe tu se s  is  4 : 1 .  T w en ty -e igh t pe rcen t 

o f th e se  c e lls  in the  heterozygous and 61%  in th e  homozygous fe tu ses  w ere mature 

e ry th ro cy te s . A ls o , it is  now s ig n ifican tly  apparent th a t the  mature ery th ro 

c y te s  o f the  homozygous fe tu ses  are larger than  th o se  of the  norm al. A ls o , 

th e  cytoplasm  of the  m ature e ry th rocy tes o f homozygous fe tu se s  exh ib its  a  

d iffe ren t s ta in ing  reac tio n  th a t normal and may appear abnormal in sh a p e .

E ffe c ts  o f the  anom alous gene are  a lso  re flec ted  in the  bone marrow of 

tw en ty  day fe tu ses  o f homozygous em bryos in th a t the  number of hemato

p o ie tic  c e lls  th ere in  is  abnorm ally low. One seem ingly s ig n ifican t even t in 

th e  ontogeny o f th e se  homozygous fe tu se s  is  th a t a t fifteen  days th e ir liver 

is  s ta rtin g  to  evolve from a  hem atopoietic organ to  one prim arily concerned 

w ith  the  hepatic  fu n c tio n . By tw enty d ays the evolution has been com pleted 

w ith  th e  resu lt th a t th e  liver has taken  on the  appearance o f a  functional 

h epatic  unit ra ther th an  one concerned w ith h em ato p o iesis . Normally the  

ra t liver does not re lin q u ish  its  hem atopoietic function until a fte r b irth .

T h u s , it is  apparen t th a t when em bryos are homozygous for the  

g e n e , th ey  acquire a  m acrocytic an em ia . From the  h isto log ic  p ic tu re , th is  

anem ia seem s to  stem  from early  b i lu re  o f the  liver a s  a  hem atopoietic 

o rg an . Further s tu d ie s  w ill have to  be carried  out in order to  confirm the  

o b serv a tio n .
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LEGEND FOR FIGURES 

L egends used for F igures 3  through 2 0  are a s  fo llow s:

AC am niotic cav ity

AL a llan to is

AM amnion

CV central vein

EC ecto p lacen ta l cone

ECC ecto p lacen ta l cav ity

ECT extra-em bryonic ectoderm

END endoderm

EXC extracoelom ic cav ity

HBV hepatic  blood v e ss e ls

HC hepatocy tes

HE hem atopoietic c e lls

HF head fold

HPV hepatic  portal vein

M m egakaryocyte

MES mesoderm

PC proam niotic cav ity

RM R eich e rt's  membrane

SCT subcutaneous tis su e

ÜV um bilical v e s s e ls

VC inferior vena cava

VM ventral m esogastrium

YC yolk cav ity

VS yolk sac
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PLA TE I

Figure 1 .  F ifteen  day l i t te r .  Top row: homozygous restric ted  

fe tu se s  and p la c e n ta . Bottom row: heterozygous fe tu ses  and p lacen ta .

F igure  2 .  Tw enty day l i t te r .  Top row: homozygous restric ted  

fe tu s e s ,  o thers  are heterozygous in d iv id u a ls .
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PL A T E  II

F igure 3 .  Longitudinal sec tio n  of an e igh t day  embryo showing 

yold cav ity  (NX) and R e ich e rt's  membrane CRM). S ta ined  w ith  H & E . 7 5 X ,

F igure 4 .  C ross sec tio n  o f an  eiglft day embryo showing pro

am niotic cav ity  (PC) and re la tiv e ly  th in  extra-em bryonic ectoderm  (ECT) 

surrounded by endoderm (EN D ). S ta ined  w ith H & E . 7 5 X .

F igure 5 .  Longitudinal sec tio n  o f an e igh t day embryo showing 

ec to p iacen ta i cone (E C ), ec to p lacen ta l cav ity  (E C C ), formation of m eso

derm (MES) and amniotic c av ity  (A C ). S ta ined  w ith  H & E . 8 3 X .
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PLA TE III

F igure  6 .  S ag itta l sec tio n  of a  nine day embryo showing yolk sac  

(YS) and yolk cav ity  (YC), ec to p lacen ta l cone (E C O , extracoelom ic cav ity  

E X C ), head fold (H R , amnion (AM) and am niotic cav ity  (AC), a lla n to is  (A D . 

C lose exam ination rev ea ls  blood forming c e l ls  in the  yolk s a c .  S ta in ed  w ith  

H & E .  1 2 1 X .

F igure  7 .  C ross sec tio n  of a  th ir teen  day embryo through th e  liver 

dem onstrating hepatic blood v e s s e ls  (HBV) and ev idence  of s in u so id s  (S ) . 

S tained  w ith  H & E .  1 8 X .

F igure  8 .  A sec tio n  through th e  u terus of an  H*̂  ̂ fem ale th a t has 

been bred to  an  H*̂  ̂ m a le . T he fibrinoid su b stan ce  in the  uterine cav ity  is  

an  embryo in the  p rocess o f being re so rb ed . S ta ined  w ith  H & E .  1 8 X .
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PL A TE IV

F igure  9 .  C ross sec tio n  through the  liver of a  fifteen  day hetero

zygous fe tu s  showing ventral m esogastrium  CVM), g u t, inferior vena  cava (VC) 

and um bilical v e s s e ls  CUV). S ta in ed  w ith H & E .  lO X .

F igu re  1 0 .  C ross sec tio n  through the  liver of a  fifteen  day homo

zygous fe tu s  showing hepatic  portal vein  (HPV) and gut extending into yolk 

s ta lk . S ta in ed  w ith  H & E .  lO X .
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PLA TE V

Figure 1 1 .  F ifteen  day homozygous fetal liv e r showing hepato* 

c y te s  (H O , hem atopoietic c e lls  (H E), s inuso ids (S) and m egakaryocyte (M). 

G iem sa s ta in ,  A po. 2 5 X . 4 2 5 X .

Figure 1 2 .  F ifteen  day heterozygous fetal liv e r showing hépato

c y te s  (H O , hem atopoietic c e l ls  (HE) and sinuso ids (S ) .  Giemsa s ta in ,

A p o .2 5 X .  4 2 5 X .
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PL A T E V
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PLA TE VI

Figure 1 3 .  F if te en  day homozygous fetal liver touch  sm ear 

dem onstrating blood forming c e l l s ,  polychrom atophilic e ry th rob last (A) and 

nucleated  ery throcy tes (B ). W right s ta in ,  oil im m ersion. 5 5 6 X .

Figure 1 4 .  F if te en  day heterozygous fetal liver touch  sm ear 

dem onstrating blood forming c e l l s .  W right s ta in ,  oil im m ersion. 4 8 4 X .
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PLA TE VII

F igure  1 5 .  C ross sec tio n  through th e  liver of a  tw enty  day hetero

zygous fe tu s  dem onstrating cen tral v e in s (CV) and sinuso ids ( S ) . S tained  

w i t h H & E .  8 X .

F igure  1 6 .  C ross sec tio n  through th e  liver of a  tw enty  day homo

zygous fe tu s  dem onstrating th e  w idth of the  subcutaneous t is s u e  (S C I)  and 

the  lack  o f c ircu lating  b lood . S ta ined  w ith  H & E . 8 X .



7 2  

PLATE VII

SCI



73

PLA TE VIII

F igure  1 7 .  Twenty day heterozygous fe ta l liver showing hépato

c y te s  (H C), hem atopoietic c e l ls  (HE) and sin u so id s  (S ) . G iemsa s ta in ,  

A po . 2 5 X . 2 7 8 X .

F igure  1 8 .  Tw enty day  homozygous fe ta l liver showing hépato

c y te s  (H C), hem atopoietic c e l ls  (HE) and sin u so id s  (S ) .  G iem sa s ta in ,  

A po . 2 5 X . 2 7 9 X .
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PLA TE IX

Figure 1 9 ,  Tw enty day homozygous fe ta l liver touch sm ear 

dem onstrating blood forming c e l l s ,  showing " ta rg e t"  shaped c e lls  and 

basophilic  e ry th ro c y te s . G iem sa s ta in ,  oil im m ersion. 5 0 3 X .

F igure 2 0 .  Tw enty day heterozygous fe ta l liver touch sm ear 

dem onstrating m aturation of blood forming c e l l s .  G iem sa s ta in ,  oil 

im m ersion. 5 0 3 X .
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