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C u l t u r e s  o f  r a t  f e t a l  h e p a t o c y t e s  w e r e  u sed  to  i n v e s t i g a t e  the  effects  a n d  i n t e r p l a y  o f  t r i i o d o t h y r o n i n e  
(T3) a n d  r e t i n o i c  ac id  (RA) in the  r e g u l a t i o n  o f  gene  e x p r e s s i o n  o f  C B G ,  c o m p a r e d  to  t h a t  o f  
a t - f e t op r o t e in  (AFP) .  T h e  c u l t u r e d  cells  s h o w e d  cy to log ica l  f e a t u r e s  t y p i c a l  to  h e p a t o c y t e s  a n d  
a c t u a l l y  s y n t h e s i z e d  C B G  a n d  A F P ,  as e v i d e n c e d  f r o m  in si tu h y b r i d i z a t i o n  w i th  speci f ic  r a d i o a c t i v e  
p r o b e s .  T i m e  c o u r s e  s tud ies  i n d i c a t e d  t h a t  C B G  (b u t  no t  A F P )  b i n d i n g  c a p a c i t y  in c u l t u r e  m e d i u m  
a n d  cell  m R N A  levels  d i s a p p e a r e d  wi th  a ha l f - l i f e  o f  a b o u t  2 days,  t h e r e b y  r e f l ec t i ng  the  d e c r e a s e  
p r e v i o u s l y  seen  in h e p a t i c  C B G  m R N A  c o n t e n t s  d u r i n g  e m b r y o n i c  life. T h e  Kd va lues  f o r  C B G  
b i n d i n g  w e r e  u n c h a n g e d  u n d e r  t hese  cond i t i ons .  C u l t u r i n g  o f  h e p a t o c y t e s  in the  p r e s e n c e  o f  T3 
r e s u l t e d  in d o s e - d e p e n d e n t  s t i m u l a t i o n s  o f  b o t h  m e d i u m  C B G  a n d  cell  m R N A  levels,  w i th  an  EC50 
c o n c e n t r a t i o n  o f  a b o u t  10-9M.  In s h a r p  c o n t r a s t ,  RA c a u s e d  a r e d u c t i o n  in C B G  b i o s y n t h e s i s  
(ICs0 = 1.7 x 10 -7 M) and ,  in a d d i t i o n ,  a n t a g o n i z e d  the  s t i m u l a t o r y  i n f luence  o f  T3. U n d e r  the  s a m e  
e x p e r i m e n t a l  cond i t i ons ,  A F P  syn thes i s  f a i l ed  to be  a f f ec t ed  in a s i m i l a r  f a sh ion .  We c o n c l u d e  t h a t  
t h y r o i d  h o r m o n e s  a n d  RA d i r e c t l y  ac t  on  h e p a t o c y t e s  to  spec i f i ca l ly  r e g u l a t e  the  e x p r e s s i o n  o f  C B G  
in an  a n t a g o n i s t i c  way.  
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INTRODUCTION 

Corticoid-binding globulin (CBG) or transcortin is 
a plasma glycoprotein that binds glucocorticoids, as 
well as progesterone, with high affinity [1,2]. Th e  
macromolecule serves important  biological functions in 
that it controls the levels of the unbound moiety of 
steroids which is readily diffusible into target-cells. In 
addition, being internalized by cells, the binder is able 
to modulate in a more subtle way the translocation 
of the steroid-receptor complexes to the nucleus of 
pituitary cells [3] and thus their interaction with 
specific response elements. Finally, CBG also shows 
the ability to interact with cell membrane receptors [4] 
and, eventually, to regulate adenylate cyclase activity 
[5]. In this context, it has recently been shown that 
CBG may be produced and/or accumulated in a variety 
of tissues, including not only the liver, but  also the 
pancreas, the placenta and the kidney of fetal and 
neonatal mice, at which level the protein may possibly 
play important  autocrine/paracrine functions [6]. 

*Correspondence to B. Koch. 
Received 16 Sep. 1993; accepted 14 Dec. 1993. 

In adult rats the plasma concentration of CBG is 
mainly under  the control of thyroid hormones and 
glucocorticoids, which exert stimulatory and inhibitory 
effects, respectively [1, 7]. Sex steroids also play a role, 
although their effect is thought to be partly mediated 
through the hypothalamic-pi tui tary- thyroid axis [7] 
and/or G H  [8]. In fetal rats, however, indirect evi- 
dence suggests that the CBG gene may be regulated 
in a different and more complicated way, because 
pharmacological blockade of thyroid function failed to 
markedly affect fetal plasma CBG levels [9]. In fetal 
livers, the CBG gene is actually expressed at very high 
levels, while its expression declines sharply at the time 
of birth [10, 11]. Tha t  fall in hepatic CBG mRNA 
contents is reflected by a similar decay in serum CBG 
concentrations in fetuses and neonates, as reported 
previously [9, 12-14]. 

Studies on regulation by hormones or other putative 
regulatory factors of CBG production in cultured 
hepatocytes have, to our knowledge, not yet been 
reported; though cultures of fetal hepatocytes have 
successfully been used to show the ability of the tissue 
to synthesize CBG and ~-fetoprotein (AFP [15, 16]). 
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The  aims of the present investigation were, first, to 
determine whether triiodotyronine (T3) acts directly on 
gene expression and secretion of CBG in primary 
cultures of fetal hepatocytes. Second, because recent 
evidence suggests some analogy between T 3- and 
retinoic acid (RA)-response elements and indicates that 
receptors for these two compounds can actually form 
heterodimers [17-19], we examined whether RA may 
synergize with or antagonize the effect of thyroid 
hormones. In an initial step, however, we meant 
to validate our culture model system by assessing the 
functional activity of hepatocytes and localizing CBG 
m RNA in cells by means of in situ hybridization 
(ISH). Our results provide evidence for selective antag- 
onistic effects between RA and T3 in the expression 
of the CBG gene in fetal hepatocytes, while in con- 
trast these factors failed to affect in a similar way 
the regulation of the AFP gene, examined in parallel 
control studies. 

M A T E R I A L S  A N D  M E T H O D S  

Animals and reagents 

Wistar female rats (230-250 g) were used. The  time 
of conception in the pregnant females was assessed 
from sperm-positive vaginal smears examined on the 
morning following the mating night and was termed 
day 0. To  induce hypothyroidism, pregnant dams 
were given methimazole (Calvo et al., 1991) in drinking 
water (0.02%) along with daily s.c. injections of the 
drug (40 #g/100 g), from gestational day 10 to day 16. 
M e th imazo l e ,  T 3 and all-trans RA, as well as collagen- 
ase (type IV), DNase-I ,  collagen, Williams' medium E 
(WE) and steroids were purchased from Sigma 
Chimie (La Verpilli6re, France). [~-33p]deoxyadeno- 
sine triphosphate ([~-33p]dATP; 3000 Ci/mmol) from 
Isotopchim-France,  [~-32p]dCTP (3000 Ci/mmol), 
[1,2-3H(N)]corticosterone (51Ci/mmol)  and [6,7- 
~H(N)]estradiol (48Ci/mmol)  from New England 
Nuclear (Du Pont de Nemours,  France). Terminal  
deoxynucleotidyl-transferase, yeast tRNA (RNase- 
free) and proteinase K were from Boehringer 
(Mannheim, Germany).  Spin columns were obtained 
from 5Prime-3Prime, Inc. (Boulder, U.S.A.). 

Primary cultures of rat fetal hepatocytes 

Fetuses were obtained from 15- to 16-day-old preg- 
nant rats and fetal livers were dissected out under 
sterile conditions and placed in ice-cold Hepes buffer, 
composed of (in mM): 25 Hepes, 137 NaC1, 5 KC1, 0.7 
Na2HPO4, 0.36 CaC12, 10 glucose and 0.1% bovine 
serum albumin (BSA), at pH 7.3. Tissues were incu- 
bated in the same medium containing collagenase 
(50 mg/100 ml) and DNase-I  (10 pg/ml) for 20 min at 
37°C, followed by gentle dissociation with the aid of a 
plastic Pasteur pipette. Tissue pieces were allowed to 
settle and isolated cells in the supernatant were saved 
and the whole process was repeated thrice. The  result- 
ing final cell suspension was filtered through a 100-pm 
nylon screen and the cells pelleted down at 50 g for 

2 min. The  supernatant, which mainly contained non- 
parenchymal cells, was discarded and the cell pellet 
was resuspended in HB and recentrifuged. This  step 
was repeated 3 more times. Th e  cells were finally 
resuspended in WE medium, enriched with 5% fetal 
calf serum, 1 p M  insulin and antibiotics. To  prevent 
possible inactivation of thyroid hormone receptors, 
hepatocytes were cultured in the presence of 0.3 m M  
2-mercaptoethanol [20]. Cells were plated in 6-well 
cluster plates, precoated with collagen, and incubated 
at 37°C in 5% CO2-95% air. To  remove unattached 
cells, the medium was replaced with fresh medium after 
3 h of culture. WE culture fluid, containing T3, RA or 
corresponding vehicles, were then changed daily. 

One day prior to harvesting hepatocytes and 
incubation fluids, cells were washed twice with serum- 
free WE medium (containing 0.1% BSA) and incu- 
bated in the same medium supplemented, or not, with 
test substances. T 3 and RA were added as a 1000- 
fold concentrated stock-solution in 0.05 M N a O H  or 
dimethyl sulfoxide, respectively. 

Cells, cultured for 1, 3 and 5 days, were counted after 
being dislodged from culture wells and dissociated with 
the aid of trypsin in phosphate-buffered saline (PBS; 
0.15 mg/ml), containing 1 m M  EDTA.  

In situ hybridization ( ISH)  

Th e  cells were seeded over glass coverslips 
(precoated with collagen) lodged in Costar dishes 
(35 × 10 mm) and cultured for 1 day. They  were fixed 
with 4% paraformaldehyde for l h  at room tem- 
perature and rinsed thrice with phosphate-buffered 
saline for 5 min. The  samples were then dehydrated 
with graded alcohol, air dried and stored at - 7 5 ° C  
until used for ISH. 

The  CBG and AFP probes were synthetic single 
stranded oligodeoxynucleotides, complementary to 
the rat CBG and AFP sequences and corresponding 
to the amino acids 29-42 [21] and 126-139 [22], 
respectively. Th e  oligoprobes (2-4 pmol) were labeled 
with 50pCi  [~_33p]dATP and 100U terminal 
deoxynucleotidyl-transferase, in 50 # 1 buffer composed 
of (in mM): 100 potassium cacodylate, 1.5 COC12, 0.2 
dithiothreitol, at pH 7.2. After being filtered through a 
G25 Spin column to get rid of unincorporated tracer, 
the specific activity of the probe was calculated to be 
about 1 x 104 Ci/mmol. 

Prior to ISH,  the glass coverslips were incubated at 
37°C in 50 m M  Tris  buffer (pH 7.5), containing 5 m M  
E D T A  and 1 pg/ml proteinase K for 15min. They  
were rinsed in PBS and fixed as described above. T he  
glass coverslips were then quartered so that the same 
population of cells on each piece could be hybridized 
with either CBG or AFP radioactive oligoprobes and 
further tested for specificity in the presence of 100-fold 
concentrations of respective unlabeled probes. 

Hybridization was carried out for 15-18 h at 35°C in 
a medium composed of: 0.6 M NaC1, 1 m M  EDTA,  
50% formamide, 1 ×Denhard t ' s  solution (0.02% 
Ficoll, 0.02% polyvinyl pyrrolidone, 0.02% BSA), 
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250 #g /ml  yeast tRNA,  200/ag/ml denaturated herring 
sperm D N A  and 10% dextran sulfate. Probe concen- 
trations were 2 - 4  x 10 -9 M. 

T h e  sections were then washed for 30 min at room 
temperature ,  first in 0.5 x SSC (1 x SSC = 0.15 M 
NaC1, 0.015 M sodium citrate at p H  7.4) and then in 
0.25 x SSC, followed by a final wash in 0.25 x SSC at 
50°C. T h e y  were dehydrated and dried, before being 
dipped in K5 emulsion (Ilford) and exposed for 3 weeks 
at 4°C prior  to development.  

For  microscopic examinations, the cells were fixed 
as described above and stained by means of the 
M a y - G r i i n e w a l d - G i e m s a  procedure.  

Northern blots 

Total  R N A  contents were extracted f rom cultured 
hepatocytes and the resulting samples (15#g)  were 
used for Nor the rn  blot analysis, as reported previously 
[11]. 

For  Nor the rn  blot analysis of  C B G  m R N A ,  the 
oligoprobe was labeled with 5 0 p C i  [~-32p]dCTP to 
a specific activity of  approx. 1 x 104Ci/mmol [11]. 
For  that of  AFP  m R N A ,  we used a 0.7 kb rat AFP  
c D N A  [22], which we fur ther  amplified and purified. 
A 50 ng aliquot of  AFP  c D N A  probe was labeled with 
[~ 32 P ] d C T P  with aid of the mul t ipr ime DNA-labe l ing  
system f rom Boehringer,  as indicated by the manu-  
facturer and fur ther  purified by gel filtration through 
a Sephadex G50 column. T h e  specific activity of the 
probe was 0.5-1.0 × 109 cpm/pg .  

Measurement of CBG and AFP mRNAs 

Hybridizat ion conditions for the CBG oligoprobe 
were those described under  I S H ,  while the AFP c D N A  
probe was hybridized at 42°C for 15-18h  in the 
med ium used for ISH.  T h e  final stringency of med ium 
was 0.1 SSC, 0.1% sodium dodecyl sulfate at 50°C for 
30 min. 

Hybridizat ion was carried out, in a first step, to allow 
detection of C B G  m R N A .  T h e  nitrocellulose filters 
were then processed to remove the C B G  probe [23], 
before being hybridized with the AFP  c D N A  probe.  
Quanti tat ion of C B G  and AFP  m R N A s  was per formed 
as reported previously [11]. 

Measurement of CBG and AFP binding parameters in 
culture medium 

Aliquots of  0.2 ml of  incubation media were labeled 
with 1.4 and 1.8 pmol  of  either [3H]corticosterone or 
[3H]estradiol, in the absence or presence of various 
concentrations of  unlabeled steroids. Parallel incu- 
bations contained a 500-fold excess of  cold steroids 
to permit  correction for non-specific binding. In the 
case of  [3H]estradiol binding, we showed that cold 
testosterone, unlike cold 17/~-estradiol, failed to 
displace the tracer, indicating that the binding was 
not due to sex hormone-b inding  globulin (which com- 
bines both sex steroids). Assay tubes were first held 
at 30°C for 20min  and then maintained in an ice- 
cold water bath  for 2 h. Bound and unbound  moieties 

were separated by adding 50/~1 of ice-cold dextran- 
coated charcoal for 10min  (0.5% dextran T70 and 
5% charcoal in 2 0 m M  Tr i s -HC1 buffer, p H  7.2). 
Tubes  were centrifuged at 1500g for 10min  and 
150 ~tl aliquots of  the supernatants were counted for 
bound radioactivity, with a counting efficiency of 
about 35%. 

Statistics and steroid binding analysis 

Statistical evaluation of results was peformed with 
analysis of  variance, followed by the non-parametr ic  
S t u d e n t - N e w m a n - K e u l s  post test for multiple com- 
parisons, using G R A P H P A D ' s  software " Ins ta t2" .  
Binding data were analyzed with aid of  the program 
" E b d a "  ( E L S E V I E R - B I O S O F T )  and ECs0/ICs0 val- 
ues were calculated using G R A P H P A D ' s  " I n P l o t " .  
Data  reported in figures are f rom representative exper- 
iments, which were replicated 3-4 times with similar 
results. 

RESULTS 

Cytological characterization of cultured hepatocytes and 
ISH 

After 1 day in culture, the majority of cells appeared 
as typical hepatocytes [Fig. l(a)],, with basophilic 
cytoplasm, a well-developed Golgi apparatus and 
a nucleus with low-condensed chromatin and 1-3 
nucleolus. A few cells, showing the features of  hemato-  
poietic cells in the way of differentiation, were also 
present. After 3 and 5 days [Fig. l (b and c)], hepato- 
cytes appeared to overgrow the culture dish, while 
small aggregates of  erythropoietic cells, at different 
stages of  terminal differentiaton [inset to Fig. l(b)], 
were scarce. Cell counts (after trypsinization of 
cultures) showed a doubling of the number  of  cells 
between days 1 and 3, which plateaued thereafter. 

I S H  with C B G  and AFP  probes [Fig. l (d and f), 
respectively] revealed positive reactions in hepatocytes. 
Silver grains were mainly localized over the basophilic 
(RNA-rich)  part  of the cytoplasm, with a few grains 
over the Golgi apparatus and almost none over the 
nucleus. Incubat ion of cells in the presence of an excess 
of  respective cold probes [Fig. l(e and g)] nearly 
abolished the labeling. 

Time course of cell production of CBG and AFP 

Both the binding capacity (Bmax) of C B G  in culture 
med ium and cell content of  C B G  m R N A  fell dramati-  
cally between culture days 1 and 5, with a final drop 
of about  90% (Fig. 2). T h e  calculated half-life of  
C B G  disappearance in culture medium was found to 
be t l / 2  ~ -  - in 2/slope = 2.5 days. In  contrast, the t ime 
course of  AFP  product ion showed a significantly differ- 
ent pattern,  as it was unchanged in cells cultured 
for 1-3 days and decreased by only about 30% by day 
5. As revealed by Scatchard plot analyses, the bind- 
ing affinities for C B G  were not significantly affected 
in the course of  cell culture: apparent  dissociation 
constants (Ka) were calculated to be, respectively, 
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Fig. 1. Cytological  aspects  and  ISH label ing of cu l tu red  fetal  hepatocytes .  Shown are  ceils cu l tu red  for  1, 3 and  
5 days (a, b and  c, respect ively);  the  inset  to b co r re sponds  to a sma l l  aggrega te  of e ry th ropo ie t i c  cells. ISH 
wi th  rad iaoc t ive  p robes  for  CBG (d and  e) and  AFP (f and  g). Non-specif ic  label ing,  a f t e r  i ncuba t ion  of cells 
wi th  an  excess of cold probes ,  is shown in e (CBG) and  g (AFP).  Ar rows  po in t  to hema topo ie t i c  cells a t  ear ly  

stages of  t e r m i n a l  d i f ferent ia t ion.  A r r o w  head  singles out  ac idophi l ic  e ry th rob la s t .  

2.1 __+0.6 x 1 0 - 8 M  b y  d a y  1 a n d  3 .2__ 1 x 1 0 - 8 M  b y  

d a y  3. T h e s e  v a l u e s  w e r e  c lose  to  t h a t  o f  p l a s m a  C B G  

o f  a d u l t  r a t s  (Ka = 3 .3  ___ 0 .9  × 10 -8 M ) .  

C B G  p r o d u c t i o n  a p p e a r e d  to  b e  r e s t r i c t e d  to  h e p a t o -  

cy t e s ,  b e c a u s e  m e a s u r e m e n t s  c a r r i e d  o u t  in  i n c u b a t i o n  

m e d i u m  o f  n o n - p a r e n c h y m a l  ce l l s  ( c u l t u r e d  fo r  1 
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Fig. 2. T i m e  c o u r s e  o f  C B G  a n d  A F P  b i o s y n t h e s i s  in c u l t u r e d  
hepa tocy te s .  B ind ing  capac i t i e s  in cu l t u r e  m e d i u m  a n d  
m R N A  levels fo r  C B G  a n d  A F P  a re  r e p r e s e n t e d  a n d  
e x p r e s s e d  as p e r c e n t s  o f  con t ro l  va lues  r e c o r d e d  a f t e r  1 day  
in c u l t u r e  ( c o r r e c t e d  fo r  a c o n s t a n t  n u m b e r  o f  10 6 cells or  
15pg  RNA).  Values  a r e  m e a n s  + S E M  of  4 c u l t u r e  dishes .  
The  c o n c e n t r a t i o n s  o f  b i n d i n g  si tes fo r  C B G  and  A F P  in 
con t ro l  m e d i a  w e r e  8.2 + 0.8 p m o l  a n d  0.7 _+ 0.5 n m o l ,  r e spec t -  
ively. O n  top  is s h o w n  a r e p r e s e n t a t i v e  a u t o r a d i o g r a p h  o f  
a N o r t h e r n  b lo t  fo r  RNA ex t r ac t s  o f  h e p a t o c y t e s  c u l t u r e d  
for  1 day  ( t l ) ,  3 days  (t3) a n d  5 days  (tS), c o m p a r e d  to f r e sh ly  

d i s p e r s e d  cells (tO). 

day) failed to reveal the presence of any C B G  binding 
and m R N A  content, nor did co-incubation of non- 
parenchymal  cells with hepatocytes alter C B G  pro-  
duction in the latter (not shown). Taken  together with 
I S H  studies, our  data clearly localize C B G  biosynthesis 
in hepatocytes and thus support  previous results based 
on immunological  approaches [15, 16]. T h e  latter 
results, however,  did not provide conclusive evidence 
for C B G  biosynthesis because it is well documented 
that the protein can merely be taken up by and concen- 
trated in some tissues [6, 24, 25]. 

Effect of T 3 and R A  on CBG and A F P  binding 

Culturing hepatocytes in the presence of T 3 and RA 
resulted in opposite and dose-dependent  effects on 
C B G  binding capacities in incubation media (Fig. 3). 
The re  was about  a 1.8-fold increase in Bma x o v e r  basal 
level in response to 10 n M  T 3 ,  with a calculated 

ha l f -maximum value of ECs0 = 0.6 + 0.2 x 10 -9 M. 
Conversely, in response to 10 # M  RA, the concen- 
tration of binding sites fell by about 73 % compared to 
control values; ha l f -maximum inhibition being 
achieved with IC50 = 1.7 + 0.6 x 10 -7 M. Scatchard 
plot analysis of binding data revealed that T 3 and RA 
actually affected C B G  Bmax, but  left K d unchanged 
(not shown). 

Interestingly, in sharp contrast with the effects on 
CBG,  we found that AFP binding capacity in media of 
hepatocytes maintained in the presence of either T 3 o r  

RA failed to be changed in a similar way (Fig. 3). 

Effect of blockade of maternal and fetal thyroid functions 
on CBG biosynthesis 

We used methimazole to block thyroid function in 
pregnant  rats to determine if these hormones may be 
key factors involved in the regulation of the elevated 
C B G  gene expression in fetal liver. Long- te rm treat- 
ment  of  dams with this drug caused a small, 
but significant (P < 0.02), decrease in C B G  binding 
capacity in incubation medium of 1-day-old cultured 
hepatocytes,  compared to controls (Bma x = 15.9 + 0.8 
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Fig. 3. D o s e - d e p e n d e n t  effects o f  T 3 a n d  RA ( u p p e r  a n d  lower  
pane ls ,  r espec t ive ly)  on c o n c e n t r a t i o n s  o f  b i n d i n g  si tes fo r  
C B G  a n d  A F P  in c u l t u r e  m e d i u m .  D a t a  a r e  m e a n s  + S E M  
of  4 o b s e r v a t i o n s  in a r e p r e s e n t a t i v e  e x p e r i m e n t .  They  a re  
c o r r e c t e d  for  10 6 ce l l s /d ish  a n d  e x p r e s s e d  as p e r c e n t s  of  
c on t r o l  (veh ic l e - t r ea t ed )  cells. D u r a t i o n  o f  t r e a t m e n t s  was  3 

days.  
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vs 20.0 + 0.5 pmol/106 cells, respectively). Tha t  small 
effect, however, was apparently not associated with a 
significant change in cellular accumulation of CBG 
m R N A  (37.2 + 5.1 vs 30.9 + 4.3 A.U.,  n = 4, in livers 
of  control and treated rats, respectively). 

Effects of R A  and T3, alone and in combination, on CBG 
and A F P  biosynthesis 

Our data clearly show that both the st imulatory and 
the inhibitory effects of T 3 and RA on C B G  binding 
capacities [Fig. 4(c)] were associated with parallel and 
significant (P < 0.01) changes in cellular m R N A  pro- 
ductions [Fig. 4(a)]. Moreover ,  co-incubation of cells in 
the presence of RA and T 3 reversed the stimulatory 
influence of the latter on both CBG Bma x and m R N A  
formation (P < 0.001). 

Interestingly enough, we found that t reatment  of 
hepatocytes with RA and T 3 failed to alter the density 
of  AFP  binding sites and m R N A  accumulation in a way 
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Fig.  4. Ef fec t s  o f  R A  a n d  T3, a l o n e  a n d  in  c o m b i n a t i o n ,  on  
C B G  (a a n d  c) a n d  A F P  (b a n d  d) b i o s y n t h e s i s .  H e p a t o c y t e s  
w e r e  e x p o s e d  fo r  3 d a y s  to e i t h e r  veh i c l e  ([3) o r  t 0 - S M  
R A  (m) ,  1 0 - 7 M  T3 ( [ ] )  a n d  b o t h  c o m p o u n d s  (m) .  D a t a ,  
w h i c h  c o r r e s p o n d  to m R N A  leve ls  (a, b)  a n d  c o n c e n t r a t i o n s  
o f  b i n d i n g  s i t e s  (c, d),  a r e  m e a n s  + S E M  o f  4 o b s e r v a t i o n s  a n d  
a r e  e x p r e s s e d  as  p e r c e n t s  o f  u n t r e a t e d  cells .  O n  t op  is s h o w n  
a r e p r e s e n t a t i v e  a u t o r a d i o g r a p h  fo r  R N A  e x t r a c t s  o f  c o n t r o l  
ce l l s  (Ctr . )  a n d  ce l l s  t r e a t e d  w i t h  R A,  T 3 a n d  T 3 -t- R A.  T h e  18S 
r i b o s o m a l  R N A  s h o w s  t h e  a c t u a l  a m o u n t  o f  a p p l i e d  m a t e r i a l ,  
a s  s h o w n  p r e v i o u s l y  [11]. T h e  c o n c e n t r a t i o n s  o f  b i n d i n g  s i t e s  
fo r  C B G  a n d  A F P  in  c o n t r o l  d i s h e s  w e r e  6.3 + 0.4 p m o l  a n d  
0 . 8 + 0 . 3 n m o l ,  r e s p e c t i v e l y .  (***) (**) (*): P <0 .001;  0.01; 
a n d  0.05, r e s p e c t i v e l y ,  c o m p a r e d  to c o n t r o l s .  (III): P < 0.001 

c o m p a r e d  to T 3 - t r e a t e d  cel ls .  

similar to that of  C B G  [Fig. 4(b and d)]. However,  
in the presence of T 3 there was a slight, although 
consistent, decrease in AFP binding in culture medium 
[Fig. 4(d)]. 

DISCUSSION 

The  present study provides the first evidence 
that thyroid hormones and RA act directly and in 
an opposite fashion on hepatocytes to regulate the 
biosynthesis of CBG.  We indeed found T3 to stimulate 
and RA to inhibit CBG product ion on its own and 
to reverse the stimulatory influence of the thyroid 
hormone as well. Interestingly, these regulatory factors 
seem to be aimed specifically at the C B G  gene, because 
the AFP gene failed to be affected in a similar way. 

The  observation that adult rats administered with T4 
show elevated levels of plasma C B G  concentration was 
first established by Labrie et al. [7] and later confirmed 
in both adult and neonatal rats [1, 9, 12-14]. A more 
recent study [26] reports in addition that in vivo 
administration of T 4 caused an increase in stability and 
accumulation of hepatic C B G  m R N A ,  without affect- 
ing the rate of transcription. This  st imulatory effect of 
thyroid hormones on C B G  formation could be either 
exerted directly or indirectly on the liver and mediated 
by factors induced outside the liver, as seems to be the 
case for estrogens [7, 8]. However,  we clearly show here 
that hepatocytes, at least those of  fetal origin, actually 
appear to be direct targets for thyroid hormones in 
their regulatory effect on C B G  expression. Trea tment  
of cultured fetal hepatocytes with T 3 indeed resulted in 
enhanced C B G  biosynthesis, as apparent  from el- 
evations of  both corticoid binding capacity in culture 
medium and tissue accumulation of C B G  mRNA.  The  
ECs0 value for this effect was fairly close to the Kd of 
thyroid hormone receptors (TRs [27]). T h e  question 
of whether  the hormonal action is due to an increase 
in C B G  m R N A  stability or enhanced transcriptional 
rate remains to be established. It  is not known either 
whether  hormonal t reatment  of hepatocytes modifies 
for instance carbohydrate composition of the molecule, 
as seems to be the case in the effect of  glucocorticoids 
on C B G  in embryonic  liver of the sheep [28]. 

Although our demonstrat ion that T~ regulates 
C B G  biosynthesis in rat fetal liver is in accord with the 
presence of specific T R s  in that tissue [29] and the 
presence of both T 4 and T 3 at early embryonic stages 
[30, 31], it seems unlikely that thyroid hormones could 
play a major role during embryonic  life. Indeed, the 
highly-induced expression of the CBG gene in fetal 
hepatocytes [10, 11] was shown here to only be slightly 
dampened as a result of  pharmacological blockade of 
maternal  and fetal thyroid functions, as already 
suggested by us previously [9]. This  thus leaves open 
the intriguing question of what type of factor(s) may 
actually be responsible for the dramatic stimulation of 
CBG expression in fetal liver. 

Plasma C B G  concentrations undergo a striking de- 
crease from late embryonic  to early postnatal stages [9], 
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wh ich  is para l le led  by a sharp  fall in fetal l iver  C B G  

m R N A  levels as well.  [10, 11] A str iking observa t ion  

in the p resen t  s tudy  was that  C B G  p r o d u c t i o n  in 

cu l tu red  fetal hepa tocytes  showed  a qu i te  s imilar  

decl ine,  wi th  a calcula ted tl/2 of  about  2 days, close to 

the value  found  in the p lasma of  neonata l  rats [9]. 

I t  seems unl ike ly  that  this p h e n o m e n o n  cou ld  be 

due to unfavorab le  cell cu l tu re  condi t ions ,  because  

(i) cytological  examina t ion ,  coup led  wi th  I S H ,  showed  

the cells to repl icate  and be func t iona l ly  active;  and 

(ii) b iosynthes is  o f  A F P  was a lmost  unaffec ted  u n d e r  

the same expe r imen ta l  condi t ions .  I t  may  ra ther  be due  

to a lack in the cu l ture  m e d i u m  of  appropr ia te  and 

specific s t imula t ing  factors  or  actual ly  may  reflect 

a genet ica l ly  p r e i m p r i n t e d  m e c h a n i s m  in re la t ion 

wi th  some po ten t  inh ib i to ry  factors.  A m o n g  the latter,  

g lucocor t ico ids  are well  known  as repressors  o f  C B G  

biosynthes is  in the rat [1, 7, 21]. Here ,  we show in 

addi t ion  that  R A  may  play a s imilar  role, as this 

c o m p o u n d  not  only was shown here  to depress  C B G  

p r o d u c t i o n  on its own,  but  also to antagonize  the 

s t imula to ry  efect  of  T 3 . A s imilar  an tagon i sm be tween  

T 3 and R A  in the d o w n - r e g u l a t i o n  o f  an i soform of  T R  

m R N A  in GH3 p i tu i ta ry  cells has been  desc r ibed  

recent ly  [17]. 

R A  and its metabol i tes  are par t  of  a comp lex  g roup  

of  so-cal led re t inoids ,  wh ich  play i m p o r t a n t  roles in cell 

d i f fe ren t ia t ion  and embryogenes i s  [19]. R A  recep tors  

(RARs)  show h o m o l o g y  wi th  the super fami ly  of  recep-  

tors for  s teroids,  t hy ro id  h o r m o n e s  and v i t amin  D 

[32, 33]. T h e  m e c h a n i s m  o f  act ion o f  R A  in the regu-  

lat ion o f  C B G  m R N A  may  invo lve  in te rac t ion  wi th  

R A R s ,  wh ich  are actual ly  p resen t  in fetal l ivers [34], 

or wi th  R X R s  after R A  has been  me tabo l i zed  to 

m o r e  po ten t  forms,  such as 9-c is  R A  [18, 35]. T h e s e  

recep tors  also have the potent ia l  to interact  wi th  T R s  

[18, 36, 37] to fo rm he te rod imers ,  t he reby  in te r fe r ing  

wi th  t hy ro id  h o r m o n e  response  e lements  and m o d u l a t -  

ing the cel l 's  sensi t iv i ty  to these l igands.  T h e  possi-  

bi l i ty  that  R A  has to be me tabo l i zed  to m o r e  act ive 

fo rms  (the cel l 's  concen t ra t ion  o f  wh ich  is unknown)  

and /o r  the b ind ing  of  R A  to var ious  in t racel lu lar  

r e t i n o i d - b i n d i n g  pro te ins  [ 19], mos t  p robab ly  accounts  

for  the fact that  fairly h igh  amoun t s  o f  R A  are needed  

to be effect ive in the p resen t  s tudy,  as well  as in o thers  

[17, 181. 

T h e  resul ts  indicate  that  thy ro id  h o r m o n e s  and R A  

direct ly  act on cu l tu red  fetal hepa tocytes  to regula te  

C B G  gene  express ion  in an antagonis t ic  fashion.  T h e  

effects seem to be specifically ta rge ted  at C B G ,  because  

the b iosynthes is  o f  A F P  was unaffec ted  unde r  the same 

expe r imen ta l  condi t ions .  W h e t h e r  these factors change  

C B G  m R N A  stabi l i ty  or  the rate o f  t r anscr ip t ion  has 
yet  to be establ ished.  
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