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A b s t r a c t .  It has been shown t h a t  mice t r a n s g e n i c  f o r  human growth hormone-re1 e a s i  ng 
hormone (GRH) deve lop  h y p e r p l a s i a  o f  p i t u i t a r y  sornatotrophs and mammosomatotrophs, 
c e l l s  capab le  o f  p r o d u c i n g  b o t h  g rowth  hormone and p r o l a c t i r l ,  by 8  months of age. 
We now r e p o r t  f o r  t h e  f i r s t  t i m e  t h a t  o l d  GRH-transgenic mice, 16 t o  24 months of 
age, deve lop  p i t u i t a r y  mammosomatotroph adenomas. These f i n d i n g s  p r o v i d e  c o n c l u s i v e  
e v i d e n c e  t h a t  p r o t r a c t e d  s t i m u l a t i o r l  o f  s e c r e t o r y  a c t i v i t y  can cause p ro1  i f e r a t i o n ,  
h y p e r p l a s i a  and adenoma o f  adenohypophysia l  c e l l s .  

Acromegaly and g i g a n t i s m  a r e  due t o  e x c e s s i v e  
g rowth  hormone (GH) p r o d u c t i o n  by t h e  p i t u i t a r y ;  
t h e  most f r e q u e n t  path01 ogy u n d e r l y i n g  these  d i s -  
o r d e r s  i s  a  p i t u i t a r y  adenoma p r o d u c i n g  GH ( I ) .  
The pa thogenes is  o f  p i t u i t a r y  tumors i s  n o t  
known. It has been suggested t h a t  t h e y  may be 
dependent on i n c r e a s e d  s t i m u l a t i o n  o r  decreased 
i n h i b i t i o n  by t h e  hypo tha lamic  p e p t i d e s  t h a t  
p h y s i o l o g i c a l l y  r e g u l a t e  hormone s e c r e t i o n  o f  
adenohypophysia l  c e l l s  (1,2). I n  t h e  case o f  
GH-producing adenomas, hormone s e c r e t i o n  can be 
s t i m u l  a t e d  by GH-re1 e a s i q g  hormone (GRH) and 
suppressed by s o m a t o s t a t i n  ( 3 ) .  A  p a t h o g e n e t i c  
r o l e  f o r  GRH i n  t h e  f o r m a t i o n  o f  GH c e l l  adenoma 
has been suggested (1,2,4,5), however, t h i s  
h y p o t h e s i s  was n o t  proved so f a r .  

Pro longed GRH excess occurs  r a r e l y  i n  man and 
i s  due t o  GRH-secret ing e x t r a p i  t u i  t a r y  tumors 
( 5 ) ;  t h i s  d i s o r d e r  o f f e r s  an ex?er iment  o f  n a t u r e  
t o  s t u d y  t h e  e f f e c t s  o f  c h r o n i c  GRH s t i m u l a t i o n  
on t h e  p i t u i t a r y .  O v e r p r o d u c t i o n  o f  GRH by  t h e  
tumor i n c r e a s e s  p i t u i t a r y  GH r e l e a s e ,  g i v i n g  r i s e  
t o  e l e v a t e d  b l o o d  GH l e v e l s  and t h e  development 
o f  acromegaly o r  g i g a n t i s m  (6 ) .  The p i t u i t a r i e s  
o f  p a t i e n t s  b e a r i n g  e x t r a - p i t u i t a r y  GRH-secret ing 
tumors show d i f f u s e  o r  n o d u l a r  h y p e r p l a s i a  o f  
GH-con ta in ing  c e l l s  ( 6 ) ;  one p a t i e n t  w i t h  a  
p a n c r e a t i c  GRH-producing tumor had a  p i t u i t a r y  
GH-con ta in ing  adenoma (6 ) .  I n  a d d i t i o n ,  GRH- 
c o n t a i n i n g  hypo tha lamic  gang1 iocytomas have been 
a s s o c i a t e d  w i t h  p i t u i t a r y  somato t roph  adenoma 
( 7 ) ,  however, t h e  r o l e  of GRH i n  t h e  f o r m a t i o n  o f  
p i t u i t a r y  tumors remained u n c e r t a i n .  

The development o f  t r a n s g e n i c  animal s  a1 1  ows 
i n s e r t i o n  of hormone genes and i n v e s t i g a t i o n  o f  
t h e  p r o t r a c t e d  e f f e c t s  o f  t h o s e  hormones. M ice  
t r a n s g e n i c  f o r  GRH a r e  known t o  have i n c r e d s e d  
body w e i g h t  and s i z e  as w e l l  as h y p e r p l a s i a  o f  
t h e  t a r g e t  o f  GRH, t h e  p i t u i t a r y  (8,9). We 
r e p o r t  t h e  occur rence  o f  GH- and p r o l a c t i n -  
p r o d u c i n g  p i t u i t a r y  adenornas i n  01 d  mice t r a n s -  
gen ic  f o r  human GRH (hGRH). These r e s u l t s  sup- 
p o r t  t h e  s u g g e s t i o n  t h a t  s u s t a i n e d  GRH excess i s  
i n v o l v e d  i n  p i t u i t a r y  t u m o r i y e n e s i s .  

M a t e r i a l s  and Methods 

The hGRH/mouse m e t a l l o t h i o n e i n  I /SV40 s m a l l  t 
f u s i o n  gene was used t o  deve lop  t r a n s g e n i c  mice 
(9 ) .  A 713 base p a i r  f ragment  o f  t h e  mouse MT-1 
promoter ,  c o n t a i n i q g  e lements r e s p o n s i b l e  f o r  
meta l  i n d u c t i o n  and t r a n s c r i p t i o n  i n i t i a t i o n ,  was 
fused  t o  220 base p a i r s  of t h e  hGRH gene, encod- 
i n g  t h e  NH2- te rmina l  3 1  amino a c i d  s i g n a l  pep- 
t i d e  and t h e  40 amino a c i d  fo rm o f  hGRH. The 
p o l y a d e n y l a t i o n  s i g n a l  was p r o v i d e d  by f u s i o n  t o  
an 847 base p a i r  f ragment of t h e  SV40 v i r u s  sma l l  
t p o l y  A; t h i s  p o r t i o n  of t h e  gene i s  i n v o l v e d  
o n l y  i n  p o l y a d e n y l a t i o n  and i s  n o t  t r a n s l a t e d .  
F e r t i l i z e d  zygo tes  i,f t h e  B6D2F1 h y b r i d  s t r a i n  of 
mice,produced by m a t i n g  C57BL/6 females and DBA/2 
males, were m i c r o i r l j e c t e d  w i t h  p u r i f i e d  DNA f r a g -  
ments. T ransgen ic  pups i n  a  l i t t e r  were i d e n t i -  
f i e d  a t  t i m e  o f  weaning; t a i l  DNA was ana lyzed  
f o r  t h e  presence of hGRH by a  DNA d o t  b l o t t i n g  
method. From 6  weeks of age, t h e  an ima ls  were 
m a i q t a i n e d  on w a t e r  c o n t a i n i n g  25 nM ZnSOq and 
l a b o r a t o r y  chow ad l i b i t u m .  B l o o d  was c o l l e c t e d  
f rom t h e  t a i l s  o f  8  week o l d  an ima ls  t o  measure 
serum l e v e l s  o f  mouse GH and hGRH b y  radioimmuno- 
assay ( 9 ) .  T ransgen ic  mice and age- and sex- 
matched c o n t r o l s  were s a c r i f i c e d  by d e c a p i t a t i o n .  
A t  autopsy,  t h e  p i t u i t a r i e s  were removed and 
weighed; t h e  o t h e r  organs were c a r e f u l l y  inspec-  
t e d  For  l i g h t  m ic roscopy  o r t i o n s  o  
pit;i t a r y  were f~ xed i n  forma7 i R  and embeddeJaFhn 
p a r a f f i n ;  s e c t i o n s  were s t a i n e d  w i t h  hematoxyl  i n  
and e o s i n ,  t h e  Gordon-Sweet s i l v e r  method t o  dem- 
o n s t r a t e  t h e  r e t i c u l i n  f i b e r  network,  and immuno- 
c y t o c h e m i c a l  s t a i n s  t o  l o c a l i z e  adeqohypophysia l  
hormones u s i n g  t h e  a v i d i n - b i o t i n - p e r o x i d a s e  
complex. P r i m a r y  a n t i s e r a  were donated by Dr. 
A.F. Par low a t  t h e  N a t i o n a l  P i t u i t a r y  Agency 
(NIADDK, Bethesda, MD) (1,6,7,9). For  t r a n s m i s -  
s  i o n  e l  e c t r o n  mic roscopy ,  p i e c e s  o f  t i s s u e  were 
f i x e d  i q  g l u t a r a l d e h y d e ,  p o s t f i x e d  i n  osmium 
t e t r o x i d e  and embedded i n  epoxy r e s i n .  U l t r a -  
s t r u c t u r a l  immunocytochemistry u t i l i z e d  t h e  
doub le  immunogold t e c h n i q u e  (1,9). 

R e s u l t s  

A l l  an ima ls  i d e n t i f i e d  as t r a n s g e n i c  f o r  
hGRH had s i g n i f i c a n t l y  i n c r e a s e d  body w e i g h t  and 
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s c o p i c  s t u d i e s  o f  t h e  p i t u i t a r i e s  o f  s i x  t r a n s -  
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gen ic  an ima ls  a t  8 months o f  age and one 13 month 
o l d  mouse showed h y p e r p l a s i a  o f  somatotrophs and 
o f  b i  hormonal GH- and p r o l a c t i n - c o n t a i n i n g  c e l l s  
c a l  l e d  mammosomatotrophs; t h e  m o r p h o l o g i c  f i n d -  
i n g s  i n  these  mice a r e  r e p o r t e d  e lsewhere  (9 ) .  
A l l  6 t r a n s g e n i c  an ima ls  t h a t  were o l d e r  t h a n  13 
months when s a c r i f i c e d  had ev idence  of p i t u i t a r y  
adenoma. Four had g r o s s l y  e n l a r g e d  p i t u i t a r i e s  
w h i c h  were adheren t  t o  t h e  b r a i n ;  t h e s e  were n o t  
examined m i c r o s c o p i c a l l y .  Two an ima ls  aged 16 
and 24 months had e n l a r g e d  and hemorrhagic p i t u i -  
t a r y  g lands wh ich  showed d i f f u s e  somato t roph  and 
mammosomatotroph h y p e r p l a s i a  s i m i l a r  t o  t h a t  seen 
i n  younger an ima ls  ( 9 ) ;  i n  a d d i t i o n ,  each animal  
bad a  d i s c r e t e  tumor (F ig .  1) :  Occas iona l  b i n u -  
c l e a t e  c e l l s  were seen and m l t o t i c  f i g u r e s  were 
r e a d i l y  i d e n t i f i e d  i n  t h e  adenomas. The Gordon- 
Sweet s i l v e r  s t a i n  documented t h e  presence o f  a  
d i s t o r t e d  r e t i c u l i n  ne twork  a t  t h e  p e r i p h e r y  o f  
t h e  adenomas w i t h  absence o f  r e t i c u l  i n  f i b e r s  
w i t h i n  t h e  tumors. The m a j o r i t y  o f  tumor c e l l s  

showed i n t e n s e  i m m u n o r e a c t i v i t y  f o r  GH; numerous 
tumor c e l l s  e x h i b i t e d  p r o l a c t i n  p o s i t i v i t y  as 
we1 1. Other  adenohypophysia l  hormones were 
d e t e c t e d  i n  c e l l  s  w i t h i n  t h e  h y p e r p l a s t i c  areas 
b u t  n o t  w i t h i n  t h e  tumors; t h e  c e l l s  c o n t a i n i n g  
t h e s e  hormones were o f  normal s i z e  and shape and 
had usua l  u l  t r a s t r u c t u r a l  f e a t u r e s .  E l  e c t r o n  
mic roscopy  r e v e a l e d  t h a t  t h e  tumors were composed 
o f  c e l l s  w i t h  f e a t u r e s  o f  mammosomatotrophs (1,9)  
(F ig .  2a ). The c y t o p l  asrn c o n t a i  ned moderate 
numbers o f  p l  eornorphic s e c r e t o r y  g r a n u l  es 
measur ing up t o  1000 nm; m i s p l a c e d  exocy toses  o f  
g r a n u l a r  m a t e r i a l  were conspicuous.  The 
immunogold t e c h n i q u e  documented t h e  presence o f  
GH and p r o l a c t i n  w i - t h i n  t h e  s e c r e t o r y  g r a n u l e s  o f  
most adenoma c e l l s  and i n  g r a n u l e  e x t r u s i o n s ;  
b o t h  hormones were o f t e n  c o l o c a l i z e d  i n  t h e  same 
s e c r e t o r y  g r a n u l e s  (F ig .  2b). A few adenoma 
c e l l s  were l a b e l l e d  o n l y  f o r  GH. 

Nont ransgeo ic  l i t t e r m a t e s  served  as c o n t r o l s  
i n  t h i s  s tudy ;  a t  8 months (n=7),  12 months 
( n = 2 ) ,  15 months ( r1=3) and 2 y e a r s  (n=3) ,  t h e r e  
was no ev idence  o f  adenoh.ypoph.ys i a l  h y p e r p l  a s i a  - .  . - 
o r  n e o p l a s i a  i n  t h e  p i t u i t a r i e s  o f  those  mice. 

D i s c u s s i o n  

A1 though p r e v i o u s  s t u d i e s  have shown t h a t  
c h r o n i c  s t i m u l a t i o n  of r a t  adenohypophysia l  c e l l s  
b v  GRH i n  v i t r o  causes s o m a t o t r o ~ h  p r o l i f e r a t i o n  -- 
a; measured by ~ ~ ~ l t h ~ m i d i n e  u p t a k e  ( 1 0 )  and 
t h a t  GRH s t i m u l a t e s  t h e  e x p r e s s i o n  o f  t h e  c - f o s  
proto-oncogene i n  c u l t u r e d  somatotrophs 
t h e r e  was no d i r e c t  p r o o f  t h a t  p r o t r a c t e d  GRH 
excess can be i m p l i c a t e d  i n  adenoma f o r m a t i o n .  
P i t u i t a r y  adenomas a r e  n o t  known t o  occur  i n  t h e  
p a r e n t  s t r a i n s  o f  t h e  h y b r i d  mouse s t r a i n  s t u d i e d  
(Russel  1  JD, Simonsen L a b o r a t o r i e s  Inc., G i  1  r o y  
CA; p e r s o n a l  communicat ion)  and c o n t r o l  an ima ls  
had no ev idence  o f  adenohypophysia l  h y p e r p l a s i a  
o r  neop las ia .  I n  c o n t r a s t ,  t h e  p i t u i t a r i e s  o f  4 
t r a n s g e n i c  an ima ls ,  a l t h o u g h  n o t  examiqed m i c r o -  

Figure 1. Pituitary adenoma of 16 month old mouse transgenic for s c o p i ~ a l l y ,  were adheren t -  t o  b r a i n ,  and were 
hGRH. Acinar architecture is disrupted and a binucleate cell is seen g r o s s l y  c o n s i s t e n t  w i t h  a  d i a g n o s i s  o f  adenoma. 
(arrow). Hematoxylin-eosin stain; original mag. x 64. The morpho log ic  c r i t e r i a  o f  adenoma ( 1 )  were 

Figure 2. Electron microscopy of pituitary adenoma in 2 year old mouse transgenic for hGRH. (a) Tumor cells have well developed 
endoplasmic reticulum (*) and Golgi complexes (G) and numerous large, pleomorphic secretory granules; extrusion of secretory material 
is conspicuous (arrows). Mag. x 41 00. (b) The immunogold technique conforms the presence of both GH and prolactin in adenoma cells. 
Almost all secretory granules contain label for GH (1 5 nm gold particles), several contain only label for prolactin (28 nm gold particles) and 
in many, both hormones colocalize in the same secretory granule. Mag. x 7600. 
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f u l f i l  l e d  u n e q u i v o c a l l y  i n  b o t h  p i t u i t a r i e s  
examined h i s t o l o g i c a l  l y :  t h e r e  was a  d i s c r e t e ,  
w e l l  demarcated nodu le  compressing a d j a c e n t  
t i s s u e ;  t h e  r e t i c u l  i n  p a t t e r n  was d i s r u p t e d ;  t h e  
c e l l u l a r  c o m p o s i t i o n  was d i s t i n c t i v e l y  d i f f e r e n t  
f r o m  t h e  remainder  o f  t h e  gland. Thus i t  i s  
r e a s o n a b l e  t o  assume t h a t  t h e  p ro longed exposure 
t o  GRH i n  t h e s e  o l d  t r a n s g e n i c  mice p l a y s  a  ma jo r  
r o l e  i n  t h e  devel  opment o f  p i t u i t a r y  mammosomato- 
t r o p h  adenoma. Moreover,  t h i s  r e p r e s e n t s  t h e  
f i r s t  t i m e  t h a t  i n t r o d u c t i ~ n  o f  a  s i n g l e  hormone 
gene i n t o  t h e  genome o f  an animal  has been shown 
t o  induce  tumors. 

Flore work i s  needed t o  c l a r i f y  t h e  r o l e  o f  
GRH i n  t h e  pa thogenes is  o f  p i t u i t a r y  adenomas. 
A c c o r d i n g  t o  the m u l t i s t e p  t h e o r y  o f  ca rc inogene-  
s i s  ( 1 2 ) ,  GRH can  a c t  as an i q i t i a t o r  o r  a  promo- 
t e r  o f  n e o p l a s t i c  growth. I n  t h e s e  t r a n s g e n i c  
mice,  GRH may induce  tumors by i n c r e a s i n g  t h e  
p o p u l a t i o n  o f  p r o l i f e r a t i n g  c e l l s  wh ich  a r e  sus-  
c e p t i  b l  e  t o  o t h e r  oncogenic f a c t o r s  o r  spontane- 
ous t r a n s f o r m a t i o n .  T h i s  would e x p l a i n  t h e  oc- 
curence  of s o l i t a r y  neoplasms i n  o l d e r  an ima ls  i n  
a s s o c i a t i o n  w i t h  h y p e r p l a s i a  s i m i l a r  t o  t h a t  
seen i q  younger animals.  C e l l  p r o l  i f e r a t i o n  nay 
be med ia ted  by o t h e r  f a c t o r s ,  such as v a r i o u s  
g rowth  f a c t o r s  which a r e  known t o  e x i s t  i n  t h e  
a n t e r i o r  p i t u i t a r y  (13,14). A l t e r n a t i v e l y ,  i t  i s  
p o s s i b l e  t h a t  c e l l  t r a n s f o r m a t i o n  may be t h e  
d i r e c t  e f f e c t  o f  l o n g t e r m  GRH s t i m u l a t i o n .  

Hormonal s t i m u l a t i o n  may p l a y  a  r o l e  i n  t h e  
e t i o l o g y  o f  s e v e r a l  neoplasms. There i s  ev idence  
o f  hormone-dependent g rowth  o f  carc inomas a r i s i n g  
i n  b r e a s t ,  endometrium and p r o s t a t e  (15-17) ;  
anong e n d o c r i n e  organs,  t h  r o i d  tumors may be 
s t i m u l a t e d  by t h y r o t r o p i n  (Y18), some tumors o f  
adrena l  c o r t e x  a r e  t h o u g h t  t o  be dependent on 
ACTH s t i m u l a t i o n  ( 1 9 )  and i n  r o d e n t s ,  a d m i n i s t r a -  
t i o n  o f  es t rogens  r e s u l t s  i n  p i t u i t a r y  l a c t o t r o p h  
adenoma (20) .  Endocr ine  i n s u f f i c i e n c y  has been 
i m p l i c a t e d  i n  t u m o r i g e n e s i s  o f  t h y r o i d ,  a d r e n a l s  
and gonads (18,19,21,22); t h e  c h r o n i c  compensa- 
t o r y  hormonal s t i m u l a t i o n  by p i t u i t a r y  r e g u l a t o r y  
hormones i s  thought  t o  p l a y  a  r o l e  i n  t h e  g rowth  
o f  these  neoplasms. S i m i l a r l y ,  l o s s  o f  feedback 
i n h i b i t i o n  may account  f o r  some p a r a t h y r o i d  ade- 
nomas i n  t e r t i a r y  h y p e r p a r a t h y r o i d i s m  ( 2 3 )  and 
some p i t u i t a r y  adenomas composed of c o r t i c o t r o ~ h s  
t h y r o t r o p h s  o r  gonadotrophs ( I ) ;  t h e  complex 
r e g u l a t i o n  o f  these  c e l l s  r a i s e s  t h e  p o s s i b i l i t y  
t h a t  t h e i r  p r o l i f e r a t i o n  i s  a l s o  modulated by 
s u s t a i n e d  hormonal s t i m u l a t i o n .  

The neoplasms i n  mice t r a n s g e n i c  f o r  GRH sub- 
j e c t e d  t o  p ro longed hormonal s t i m u l a t i o n  a rose  i n  
a s s o c i a t i o n  w i t h  d i f f u s e  h y p e r p l a s i a .  Wh i le  
human p i t u i t a r y  adenomas a r e  more commonly s o l i -  
t a r y  tumors which a r e  n e i t h e r  preceeded by nor  
a s s o c i a t e d  w i t h  h y p e r p l a s i a ,  t h e  oncogenic po ten-  
t i a l  o f  GRH shown by t h i s  model suggests t h a t  GRH 
and p o s s i b l y  o t h e r  s t i m u l a t i n g  p e p t i d e s  may, 
under c e r t a i n  c i rcumstances ,  p l a y  a  r o l e  I n  
adenoma f o r m a t i o n  i q  humans. F u r t h e r  s t u d i e s  o f  
models such as these t r a n s g e n i c  mice may c l a r i f y  
t h e  r o l e  o f  v a r i o u s  oncogenic agents and hormonal 
s t i r n u l a t i o n  i n  e n d o c r i n e  tumor igenes is .  
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