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Abstract. Several p ro te ins  hade been shown t o  be synthesized i n  
response t o  var ious  envi  ronmental s t imu l  i , i ncl  ud i  ng t reatment w i t h  
teratogens. The r o l e  o f  these p ro te ins  i n  the  te ra togen ic  process 
i s  unknown. Pregnant A/J mice were t r ea ted  w i t h  e i t h e r  a teratogen- 
i c  o r  a non-teratogenic dose o f  t he  an t iconvu lsant  drug, phenytoin 
(PHT) . P r o t e i n  synthesis i n  embryonic c r a n i o f a c i a l  ( t a r g e t )  t i s sue  
or  fo re1  imb buds (non- ta rge t )  was determined by i nco rpo ra t i on  o f  
radio1 abel ed l e u c i  ne and ana l ys i s  by two-dimensional polyacrylamide 
gel e lec t rophores is .  Synthesis o f  t h ree  p ro te ins  i n  t a r g e t  t i ssue 
and one p r o t e i n  i n  non-target  t i s s u e  was s t imu la ted  by drug t r e a t -  
ment. These r e s u l t s  suggest t h a t  synthesis o f  s p e c i f i c  s t ress  
p r o t e i  ns may serve as biomarkers o f  drug-target  t i s s u e  i n te rac t i on .  
o 1988 Soc i e ty  f o r  Experimental Biology and Medicine 

Introduction. Phenytoin (PHT) i s  the 
drug of choice f o r  the treatment of  
ep i  1 e p t i  c  grand ma1 seizures; however, 
i t  i s  a suspect human teratogen (1,2). 
The drug i s  an animal teratogen and i n -  
creases the  frequencies o f  r e s o r p t i  ons 
and ma1 f o m a t i  ons , especia l  l y  o r o f a c i a l  
anomalies, i n  mice (3,4). A/J mice are  
p a r t i c u l  a r l y  s e n s i t i v e  t o  the t e ra to -  
genic e f fec ts  o f  t he  drug ( 4 ) .  The 
mechanisms under ly i  ng t he  devel opmental 
t o x i c i t y  of t he  compound are  unknown. 

The synthesis o f  a s e t  o f  p ro te ins  
has been shown t o  be induced i n  pro- 
karyotes and eukaryotes , i n c l  uding 
humans, by heat  as w e l l  as by a v a r i e t y  
o f  metal s  and chemical s  i n c l  udi  ng 
several teratogens (5 ) .  These p ro te ins  
are termed heat-shock o r  s t ress  pro-  
t e i n s  and are genera l l y  i d e n t i f i e d  by  
t h e i r  i s o e l e c t r i c  p o i n t s  and molecul a r  
weights. It has been suggested t h a t  
these p ro te ins  may be invo lved i n  
teratogenesis.  I t  was repor ted  t h a t  a 
te ra togen ic  dose o f  PHT was capable o f  
induc ing  a subset o f  s t r ess  p ro te ins  i n  
embryonic Drosophi la c e l l  s; synthesis 
o f  low molecul a r  weight p ro te ins  o f  
22,000 and 23,000 r e l a t i v e  molecular  

mass u n i t s  (Mr) was induced i n  v i t r o  by 
PHT (5,6). The purpose o f  t he  present  
i n v e s t i g a t i o n  was t o  determine i f  a 
teratogenic dose o f  PHT would induce 
s t ress  p r o t e i n  synthesis i n  v i v o  i n  
mouse embryonic t i ssues ,  and t o  de ter -  
mine i f  such synthesis was t a r g e t  
t i s sue  speci f i  c. 

Materials and Methods. Mice o f  the A/J 
s t r a ~ n  (The Jackson Laboratory, Bar 
Harbor, ME) were used i n  a l l  s tudies.  
On t h e  morni ng o f  ges ta t ion  day 10 
(p lug  day = day O), PHT ( A l d r i c h  Chemi- 
ca l  Company, Milwaukee, WI) a t  a con- 
c e n t r a t i o n  o f  5 mg/ml was d i sso l  ved i n  
d i s t i l l e d  water  adjusted t o  approxi- 
mately pH 11 w i t h  1 N sodium hydroxide 
and was i n j e c t e d  i p  a t  0, 25, o r  75 
mg/kg body weighs. Twenty-four h r  
1 a te r ,  50 uCi of H-leucine (80 C i  / 
rmnol , New England Nuclear, Boston, MA) 
was i n j e c t e d  i p .  One and one-half h r  
l a t e r ,  dams were s a c r i f i c e d  by c e r v i c a l  
d i s l oca t i on ,  and embryos were removed 
from a1 1 extraembryonic membranes and 
washed i n  0.5 M phosphate-buffered 
sa l ine .  
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Fig.  1. ho-dimensional  polyacrylamide g e l  e l e c t r o p h o r e t i c  p a t t e r n  of  pro- 
t e i n s  synthes ized  i n  embryonic c r a n i o f a c i a l  t i s s u e .  The pH of  t h e  f i r s t  
dimension IEF  g e l  was 4 - 9. The acrylamide concent ra t ion  was 10% i n  both  
f i r s t  dimension and second dimension g e l s .  (A) Unsorted nuclear  p r o t e i n s  
from c o n t r o l  embryos. (B) Unsorted nuclear  p r o t e i n s  of embryos from dams 
exposed t o  PHT a t  25 mg/kg. A p r o t e i n  of M r  = 84,000-90,000 i s  ind i ca t ed  
by t h e  arrow; t h i s  p r o t e i n  was n o t  synthes ized  i n  c o n t r o l  t i s s u e .  (C) Un- 
so r t ed  nuclear  p r o t e i n s  of embryos from dams exposed t o  PHT a t  75 mg/kg. 
The p r o t e i n  from (B) is  again marked. (D) G + G nuclear  p r o t e i n s  from 

0 1 
con t ro l  embryos. (E) G + G nuclear  p r o t e i n s  of embryos from dams exposed 

0 1 
t o  PHT a t  25  mg/kg. The M r  = 84,000-90,000 p r o t e i n  i s  marked by an arrow. 
I n  add i t i on ,  s e v e r a l  p r o t e i n s  of M r  = 20,000-25,000 a r e  c l e a r l y  resolved.  
Synthes is  of two of t he se  p r o t e i n s  (arrows) appears  t o  be induced by PHT 
s ince  t he se  p r o t e i n s  a r e  n o t  p r e sen t  i n  con t ro l  t i s s u e .  (F) Go + G nu- 

1 
c l e a r  p r o t e i n s  of embryos from dams exposed t o  PHT a t  75 mg/kg. Syn thes i s  
of  t h e  M r  = 84,000-90,000 p r o t e i n  and two of t h e  M r  = 20,000-25,000 p r o t e i n s  
(arrows) appear t o  be induced by PHT t rea tment .  

Under d i  ssec t i  ng microscopes, fore- 
1 imb buds and c ran i  o f a c i  a1 ti ssue were 
excised and pooled. Nuc le i  were iso-  
l a t e d  and s ta ined w i t h  propidium i o d i d e  
according t o  the method o f  Anson e t  a l .  
(7 ) .  I n  some cases, nucl e i  were sor ted  
from the  G + GI phases o f  the c e l l  
c yc le  usiRg a fl uorescence-activated 
c e l l  s o r t e r  (FACS I 1  ; Becton-Dicki nson, 

Sunnyvale, CAI. Pro te ins  were ex t rac t -  
ed from both  sor ted  G + GI nuc le i  and 
from unsorted nuc le i  k i n g  an irnidazole 
ex t rac t i ng  sol  u t i o n  and d ia lyzed p r i o r  
t o  e lec t rophores is  (7,8). Nuclear pro- 
t e i n  concent ra t ion  was determined 
according t o  the method o f  Bramhall e t  
a1 . (9), and 800 ng o f  p r o t e i n  (3 u l  o f  
sample conta in ing  approximately 10,000 
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cpm) was in t roduced i n t o  t h e  f i r s t -  
dimension gel  i n  t he  u l  t ra -mic ro-  
e l ec t ropho res i s  apparatus (10). F o l -  
l ow ing  two-dimensional e l ec t ropho res i s  
(7) ,  autoradiography was u t i l i z e d  t o  
v i s u a l i z e  l abe led  p r o t e i n s  (11). The 
nmbers  o f  embryos and l i t t e r s  i n  each 
experimental group were as fo l lows:  1 )  
veh i c l e  t rea ted ,  unsorted sample - 23 
embryos from 5  1  i t t e r s ;  2)  PHT a t  25 
mg/kg, unsorted sample - 29 embryos 
from 7 l i t t e r s ;  3 )  PHT a t  75 mg/kg, 
unsorted sample - 27 embryos from 9 
1  i t t e r s ;  4) v e h i c l e  t rea ted ,  G + G 
n u c l e i  - 44 embryos from 7  1  i t f e r s ;  5 f  
PHT a t  25 mg/kg, G + G nuc le i  - 68 
embryos from 9  l ? t t e r & ;  and 6 )  PHT a t  
75 mg/kg, G + G1 n u c l e i  - 141 embryos 
from 21 1  i tve rs .  

Resul ts .  When nuc lear  p r o t e i n s  from 
embryonic c r a n i o f a c i  a1 t i s s u e  were 
analyzed, syn thes is  o f  a  h igh  molecular  
we igh t  p r o t e i n  (Mr = 84,000-90,000) was 
induced by PHT t reatment  (F ig .  lB,C,E 
and F) . Th is  p r o t e i n  was present  i n  
so r t ed  and unsorted n u c l e i  a f t e r  t r e a t -  
ment o f  dams w i t h  bo th  non-teratogenic 
(25 mg/kg) and t e ra togen i c  (75 mg/kg) 
doses o f  t he  an t iconvu lsan t .  The 
amount o f  syn thes is  was n o t  quant i -  
ta ted ,  b u t  based upon the dens i ty  o f  
t h e  rad io l abe l  ed  bands, t he re  appeared 
t o  be a  dose-re lated increase i n  syn- 
t hes i s  i n  so r t ed  and unsor ted  samples 
(compare F ig .  1B t o  1 C  o r  1E t o  I F ) .  
Th i s  p r o t e i n  was n o t  synthesized i n  
c o n t r o l  t i s s u e  (F ig .  1A and D ) .  When 
p ro te i ns  from so r t ed  nuc le i  were anal-  
yzed, syn thes is  o f  two low molecular  
weight  p ro te i ns  (Mr = 20,000-25,000) 
became apparent; synthesis appeared t o  
be induced i n  a  dose-dependent manner 
(compare F ig .  1E t o  I F ) .  

The t o t a l  p a t t e r n  o f  p r o t e i n  synthe- 
s i s  i n  f o re l imb  buds was somewhat more 
complex than t h a t  observed i n  c ran io -  
f a c i a l  t i s s u e  (F ig .  2 ) .  The M r  = 
84,000-90,000 p r o t e i n  was n o t  syn- 
thes ized  i n  e i t h e r  c o n t r o l  o r  t r e a t e d  
f o re l imb  buds; however, synthesis o f  a  
low molecu la r  weight  p r o t e i n  (Mr = 
20,000-25,000) was induced i n  fo re1  imb 
buds by PHT treatment. It has n o t  been 
determined i f  t h i s  p r o t e i n  i s  i d e n t i c a l  
t o  one o f  t he  low molecular  we igh t  p ro -  
t e i  ns observed i n  c ran i  o f a c i  a1 ti ssue . 
Discussion.  Adm in i s t r a t i on  o f  PHT a t  
7 5  mg/kg t o  pregnant A/J mice on day 10 

o f  g e s t a t i  on increased the  i n c i  dence o f  
c l e f t  1  i p  and p a l a t e  t o  96%; t rea tment  
w i t h  25 mg/kg produced a  frequency o f  
t h i s  de fec t  o f  5.6% which i s  n o t  s ig -  
n i f i c a n t l y  h i ghe r  than t he  spontaneous 
inc idence o f  5% observed i n  t h i s  s t r a i n  
(12) .  Forel imb de fec ts  have been found 
occasional l y  i n  o ther  mouse s t r a i  ns 
t r e a t e d  w i t h  PHT b u t  have n o t  been re -  
po r t ed  i n  A/J mice ( 4 ) .  Adm in i s t r a t i on  
o f  e i t h e r  dose o f  t he  drug induced t he  
synthesis o f  a  Mr = 84,000-90,000 and 
two o r  t h ree  lower molecular  weight, Mr 
= 20,000-25,000, p ro te i ns .  Synthesis 
o f  these p ro te i ns  occurred i n  t he  G + 
G phases of t h e  c e l l  c yc l e .  ~ i R c e  
n d c l e i  were n o t  so r t ed  from o the r  
phases, i t  i s  n o t  known i f  synthesis 
a l so  occurred a t  o the r  t imes du r i ng  t he  
c e l l  cyc le .  However, prev ious work has 
demonstrated t h a t  s t r ess  p r o t e i n  syn- 
t h e s i s  occurs predominantly i n  the  G + 
G phases i n  v i v o  as w e l l  as v i e r 0  
( i4 ,15) .  -- 

Funct ions of s t r ess  p ro te i ns  a re  
unknown. Data has i n d i c a t e d  t h a t  a  
non-stero i  d  b i nd ing  phosphoprotein of 

M r  = 90,000 associated w i t h  untrans-  
formed g l  u c o c o r t i c o i  d  and progesterone 
receptors  i s  a  hea t  shock p r o t e i n  (15) ,  
and g l  ucoco r t i co i  d  receptors  have been 
found i n  A/J embryos as e a r l y  as day 12 
o f  ges ta t i on  (16) .  Fu r t he r  work w i  11 
be needed t o  determine i f  t he  h i gh  
molecul a r  weight  p r o t e i  n  synthesized i n 
response t o  PHT t rea tment  i s  the same 
as t he  heat  shock p r o t e i n  associated 
wi t h  the  g l  u c o c o r t i c o i d  receptor .  

The presence o f  c e r t a i n  s t r ess  
p r o t e i n s  on l y  i n  t a r g e t  t i s s u e  would 
appear t o  i n d i c a t e  t h a t  these p r o t e i n s  
may have some r o l e  i n  te ra togenes i  s. 
At  l e a s t  two i n t e r p r e t a t i o n s  are pos- 
s i b l e  w i t h  regard  t o  t h e i r  syn thes is  i n  
t a r g e t  t i s s u e  a t  both te ra togen ic  and 
non-teratogenic doses o f  PHT. It i s  
p l a u s i b l e  t h a t  s t r ess  p ro te i ns  a re  
causal i n  teratogenesi  s, and the  l e v e l  
o f  syn thes is  a f t e r  t h e  non-teratogenic 
dose was i n s u f f i c i e n t  t o  d i s r u p t  normal 
development. A1 t e r n a t i v e l  y ,  these pro-  
t e i n s  coul d  have a  p r o t e c t i v e  f u n c t i o n  
t h a t  was adequate a t  t he  low PHT dose 
bu t  was overwhelmed by t he  h igher  dose. 
Fu r t he r  exper imentat ion w i l l  be 
requ i  r e d  t o  determine be tween these 
p o s s i b i l  i t i e s .  

To our knowledge, t h i s  i s  t h e  f i r s t  
r e p o r t  t o  compare s t r e s s  p r o t e i n  syn- 
t h e s i s  i n  t e ra togen i c  t a r g e t  and non- 
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Fig. 2. Two-dimensional polyacrylamide gel electrophoretic pattern of H- 
leucine labeled proteins synthesized in embryonic forelimb buds. The high 
molecular weight protein present in craniofacial tissue was not synthesized 
in forelimb buds in either control or treated embryos. The pH of the first 
dimension IEF gel was 4 - 9. The acrylamide concentration was 10% in both 
first dimension and second dimension gels. (A) Unsorted nuclear proteins 
from control embryos. (B) Unsorted nuclear proteins of embryos from dams 
exposed to PHT at 75 mg/kg. A protein of Mr = 20,000 - 25,000 is marked by 
the arrow. (C) Unsorted nuclear proteins of embryos from dams exposed to 
PHT at 25 mg/kg. A low molecular weight stress protein is again marked by 
an arrow. (D) G + G nuclear proteins from control embryos. (E) Go + G1 

0 1 
nuclear proteins of embryos from dams exposed to PHT at 75 mg/kg. Synthe- 
sis of a protein of Mr = 20,000 - 25,000 appeared to be induced by PHT 
(arrow) . 

t a r g e t  t i ssue.  The r o l e  o f  the t h ree  
p ro te ins  synthesized i n  c r a n i o f a c i a l  
t i s s u e  i n  PHT-induced teratogenesis re -  
mains t o  be determined. Regardless o f  
t h e i r  r o l e ,  these p ro te ins  may have 
p o t e n t i a l  use as b i o l o g i c a l  markers o f  
d rug- ta rge t  t i s s u e  i n te rac t i on ,  s ince 
a t  l e a s t  two o f  them appear t o  be 
synthesized on l y  i n  t a r g e t  ti ssue . 
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