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E s t r o g e n  (E) h a s  b e e n  s h o w n  to  p l a y  a m a j o r  ro l e  in h y p o t h a l a m i c  f u n c t i o n  a n d  is a p r e r e q u i s i t e  for  
p r o g e s t e r o n e  (P)  i n d u c e d  s exua l  b e h a v i o r  in f e m a l e  r a t s .  In  the  c o u r s e  o f  s t ud i e s  in s e a r c h  o f  s t e r o i d  
i n d u c e d  h y p o t h a l a m i c  genes ,  we d i s c o v e r e d  a s u r p r i s i n g l y  l a r g e  n u m b e r  o f  E - i n d u c e d  genes  
(21 m R N A s  in to ta l ) .  T h i s  is t he  l a r g e s t  n u m b e r  o f  E - i n d u c e d  genes  e v e r  i d e n t i f i e d  in a s ing le  o r g a n .  
M a n y  o f  t h e s e  m R N A s  e x h i b i t  c o n s i d e r a b l e  m a g n i t u d e s  o f  i n d u c t i o n  a n d  t h e i r  l eve ls  w e r e  m a i n -  
t a i n e d  t y p i c a l l y  d u r i n g  s u b s e q u e n t  P t r e a t m e n t .  A m o n g  the  i n d u c e d  genes ,  s e v e r a l  e n c o d e  m e t a b o l i c  
e n z y m e s  a n d  m a y  a c c o u n t  f o r  s o m e  o f  t he  m o r p h o l o g i c a l  c h a n g e s  o b s e r v e d  in h y p o t h a l a m i c  n e u r o n s  
in r e s p o n s e  to  E.  S ince  E a p p e a r s  to p l a y  a m a j o r  ro le  in de f in ing  the  p a t t e r n  o f  h y p o t h a l a m i c  gene  
e x p r e s s i o n  in c o n j u n c t i o n  w i t h  i ts  c a p a c i t y  f o r  b e h a v i o r a l  m o d u l a t i o n ,  t h e s e  n e w l y  i d e n t i f i e d  c D N A s  
m a y  s e r v e  as gene t i c  m a r k e r s  f o r  c o r r e l a t i v e  s t u d i e s  o f  E - i n d u c e d  c e n t r a l  n e r v o u s  s y s t e m  b e h a v i o r .  
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I N T R O D U C T I O N  

The  sex steroid hormones estrogen (E) and progester-  
one (P) control sexual behavior in the rat [1]. E 
t reatment  in ovariectomized rats is indispensable for 
the induction of proceptive and receptive mating 
behavior upon subsequent  administrat ion of P. After 
pre t rea tment  for 48 h with E, administrat ion of P is a 
standard protocol for initiating sexual behavior 
(lordosis). The  pr imary  neuroanatomical region that 
mediates the hormonal  control of lordosis behavior is 
the ventromedial  nucleus (VMN) of the hypothalamus 
[2, 3]. T rea tmen t  with E stimulates the expression of P 
receptor (PR) in the V M N  [4, 5]. There  is a strong 
correlation between the induction of PR binding in the 
V M N  and the expression of female reproductive 
behavior in rats [6, 7]. T h e  action of P is presumed to 
be a result of its binding to the PR, since the progester-  
one antagonist R U  38486 blocks the P- induced lordosis 
[8]. The  role of  PR is reinforced by the observation that 
PR antisense oligonucleotides injected into the V M N ,  
can block P- induced lordotic behavior in the rat [1, 9]. 

*Correspondence to S. W. Law. 
Received 8 June  1994; accepted 13 July 1994. 
Abbreviat ions:  E, estrogen; P, progesterone; SSC, s tandard saline 
citrate; SDS,  sod ium dodecyl sulfate; V M N ,  ventro-medial  nucleus; 
M O P S ,  3- [N-morphol ino]propane  sulfonic acid. 

Although the E-mediated induction of PR in the 
hypothalamus is well accepted, the full complement  of  
genomic actions of  E is currently unknown. T o  this 
end, we initiated a study to discover other novel genes 
that might  be induced by estradiol. 

EXPERIMENTAL 

Animals 

All experiments  were in accordance with N I H  
guidelines and approved by the Institutional Animal 
Care and Use Committee.  Studies were performed in 
ovariectomized Sprague-Dawley  rats (Sasco, Houston,  
T X )  weighing 180-200 g and housed three per cage in 
12 h light and 12 h dark beginning at 0700 CST.  Rat 
chow and water were provided ad libitum. Female rats 
were screened for positive lordosis behavior before 
admission to the study at 7 days after ovariectomy. 
Briefly, females were pr imed with estradial benzoate 
(E, 100 #g, s.c.) followed by progesterone (P, 100 ng, 
s.c.) 48 h later. Four  hours after the P injection, the 
female was introduced for 5 min into the test arena 
containing a sexually proven male. Proceptive, 
receptive, and lordotic behaviors were observed and 
recorded [10]. For the experimental  protocol, only 
females exhibiting positive lordotic behavior in 
response to four males were used. 
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Tissue collection 

On day 21 postovariectomy, females were divided 
into three groups. One group received only sterile 
saline and was designated the no-treatment  (NT)  
group. T h e  other groups received either E alone or 
E + P as described above. Rats were decapitated; the 
hypothalami were rapidly exposed, dissected, and 
frozen for storage at - 70°C until processing for R N A  
isolation. 

RNA isolation and library construction 

R N A  was isolated f rom hypothalami using RNAzolB 
(Biotecx, Houston,  TX)  as described in the manufac-  
turer 's  protocol. T e n  hypothalami (50 mg wt each) 
were pooled together from each group of animals. Each 
preparat ion yield about 4 0 0 # g  of total RNA. Total  
RNAs were used for all Nor thern  blot analysis. Poly 
A +  RNAs (mRNA) were used for c D N A  synthesis 
and library construction and were isolated from total 
R N A  using oligo-d(T) cellulose spun column (Invitro-  
gen Corp,  San Diego, CA). A c D N A  library was 
constructed from E + P m R N A  and was cloned into the 
2 phage unizap X R  vector (Stratagene, La Jolla, CA). 
Procedures for c D N A  library screening were essen- 
tially the same as described previously [11, 12]. 

Sequencing and analyses 

Dideoxy chain termination sequence reactions were 
performed using the Sequenase version 2.0 (United 
States Biochemicals, Cleveland, OH)  and miniprep 
plasmid D N A  as template. End sequences were 
obtained from each clone using T3 and/or T7  sequence 
primers.  Sequences were matched to the Genbank 
using the N C B I  blast program. 

cDNA isolation and labeling 

Recombinant  plasmid D N A s  were isolated from 3 ml 
minipreps by a modified alkali lysis procedure [13]. 
Insert  cDNAs were released by digesting with EcoRI 
and XhoI (Promega Corp,  Madison, WI)  and gel 
purified. D N A s  were recovered from agarose gel slices 
by Geneclean I I  (Bio 101, La Jolla, CA). Each c D N A  
(25-50 ng) was labeled with [32P-c~]dCTP by random 
priming [14] and hybridized to Nor thern  blots as 
described below. 

Northern blot analyses 

The  Nor thern  blot procedure of Kroczek and Siebert 
[15] was employed in all RNA analyses. Briefly, 20 #g  
of total RNA was applied to each lane of a 1.2 % agarose 
gel containing 1.1% formaldehyde and 1 x M O P S  
(0 .02M MOPS,  0.005 M sodium acetate, 0.0001 M 
E D T A )  buffer p H  7.0 and electrophoresed at 100 V for 
3 h with no buffer recirculation. After electrophoresis, 
RNA was transferred to nitrocellulose membrane  filters 
(Schleicher & Schuell, Keene, N H )  by capillary action 
and processed as described previously [17]. RNA 

molecular size markers at 5 #g  per lane were used 
(Gibco/BRL,  Bethesda, MD).  Ethidium bromide at 
10 #g /ml  was included in the RNA samples for better  
visualization of the fractionated RNA. Blots were pre- 
hybridized in a solution containing 5 x SSC 
(1 x S S C = 0 . 1 5 M  NaC1, 0 .015M sodium citrate), 
5 x Denhardts  (1 x Denhardts  = 0.02% ficoll, 0.02% 
polyvinylpyrrolidone,  and 0.02% bovine serum albu- 
min), 0.1% sodium deodecyl sulfate (SDS) 100 #g/ml  
of sheared and heat denatured salmon sperm D N A  and 
50% formamide at 42°C for 4 h. After prehybridiza-  
tion, [32p-e]dCTP-labeled c D N A  probe was then 
added (1 x 106cpm/ml) to the same solution and 
hybridization was continued at 42°C for 18h. After 
hybridization, filters were briefly rinsed several times 
with 2 x SSC followed by two 30min  washes in a 
solution of 0.1 x SSC and 0.1% SDS at 50°C. Filters 
were briefly blotted to remove excess liquid, wrapped 
with saran wrap and autoradiographed at - 8 0 ° C  
between two intensifying screens. 

RESULTS 

Screening and analyses of the cDNA library 

In the course of  studies in search of P-induced gene 
(results of which will be reported elsewhere), we 
screened an E + P c D N A  library with probes derived 
from E c D N A  and an E vs E + P subtracted cDNA. 
The  E vs E + P subtraction was performed at a Rot of 
375mol  per s/l, a value much  lower than the 
recommended 1500-3000mol  per s/1 [11]. Theoret i -  
cally, low Rot hybridization removes (subtracts) 
abundantly expressed common sequences but not the 
low copy E-induced sequences. Thus ,  this is an enrich- 
ment  procedure that may facilitate recognition of low 
copy induced sequences by promoting a subset of lower 
abundancy m R N A s  to higher abundance. Screening of 
the E + P c D N A  library using this approach, identified 
120 c D N A  clones which exhibited more intense hy- 
bridization signal to the subtracted E + P c D N A  probe 
and were selected for further analyses. D N A  sequences 
were determined by end sequencing with T3  and T7  
primers and were used to search the Genbank database 
for sequence homology as described in Experimental .  
Of  the 120 clones sequenced, 16 were presently known 
genes; 70 clones were assumed to be unknown genes as 
significant sequence homology were not found in 
Genbank database. Among the remaining 34 clones, 
some were not viable and some contain mitochondrial  
genomic sequences and were not analyzed further. 
None  of the identified sequences were known 
previously to be highly expressed genes in the brain 
such as actins, tubulins, myelin basic proteins, 
ribosomal proteins etc. Among the 86 (16 + 70) cDNAs 
of interest, several shared overlapping or identical 
sequences and therefore allowed us to focus on 70 
clones for Nor thern  blot analyses. 
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Fig. 1. N o r t h e r n  blot  analyses  for  E - i n d u c e d  cDNAs. Total  RNAs (20 pg) i sola ted f r o m  h y p o t h a l a m i  ofNT,  E and  
E q- P t r e a t e d  ova r i ec tomized  female  r a t s  were ana lyzed  by f o r m a l d e h y d e  agarose  gels and  t r a n s f e r r e d  onto  
n i t roce l lu lose  fi l ter  m e m b r a n e s  as desc r ibed  in E x p e r i m e n t a l .  Each  f i l ter  was hyb r id i zed  to [32P-~]dCTP- 
labe led  cDNA. Resul ts  of  4 clones: E540, E558, E514 and  E512 are  shown here.  The  b o t t o m  panels  r e p r e s e n t  
h y b r i d i z a t i o n  resu l t s  of the  s ame  f i l ters  to f l -act in  cDNA probe .  Molecu la r  size m a r k e r s  a re  r e p r e s e n t e d  in the  

RNA ladder  ob ta ined  f r o m  BRL. A u t o r a d i o g r a p h y  for f l -act in  was 30 m i n  and  24-72 h for  cDNAs. 

Table 1. A summary of Northern blot data: only E-induced 
genes are listed here 

Estrogen 
Clone no. Identification induction 

VMHES05/509 Unknown + + + + 
VMHE518 Cytochrome bc-1 complex core P + + 4- 4- 
VMHE552 Unknown + + + + 
VMHES103 Unknown + + + + 
VMHE512 Unknown 4- + + 
VMHE514 Na ÷, K ÷ ATPase B + + + 
VMHE516 Unknown + + + 
VMHE541 Unknown + + + 
VMHE558 MRC OX45Ag deleted form + + + 
VMHE569 Unknown + + + 
VMHE583 Unknown + + + 
VMHE593 Unknown + + + 
VMHE501/543 GNRP + + + 

/588/51o5 
VMHE506/540/549 ADP/ATP transport + + 
VMHE513 16 Kda H( + )ATPase + + 
VMHE536 Unknown + + 
VMHE545 Unknown + + 
VMHE567 Carbonic anhydrase + + 
VMHE572 Unknown + + 
VMHE592/594 Unknown + + 
VMHE5130-3 C 1-13 gene product, + + 

neuronal specific gene 

Clones that do not match-up with sequences in the Genbank data 
base are listed as unknown. The level of induction is arbitrarily 
assigned as follows: 4 + ,  induced from undetectable level; 3 + ,  
markedly induced (i.e. > 3-fold); 2 4-, induced. 

Identification of E-induced genes 

c D N A  i n s e r t s  w e r e  i s o l a t e d  f r o m  p l a s m i d  D N A  a n d  

w e r e  u s e d  to  p r o b e  N o r t h e r n  b l o t s  o f  r a t  R N A s  

e x t r a c t e d  f r o m  N T  or  f r o m  r a t s  t r e a t e d  w i t h  E o r  E + P 

as d e s c r i b e d .  W e  e v a l u a t e d  a t o t a l  o f  64  N o r t h e r n  b l o t s  

(i .e.  64  c D N A  c l o n e s )  a n d  f o u n d  t h a t  21 d i s t i n c t  

m R N A s  ( f r o m  28 c l o n e s )  s h o w e d  d e f i n i t i v e  i n c r e a s e s  i n  

h y b r i d i z a t i o n  s i g n a l  in  t h e  E l a n e s  a n d  a re  r e f e r r e d  to  

as E - i n d u c e d  g e n e s .  T h i s  r e p r e s e n t e d  4 3 %  ( 2 8 / 6 4 )  o f  

t h e  64  c D N A s  a n a l y z e d .  R e p r e s e n t a t i v e  N o r t h e r n  b l o t s  

a n d  f l - a c t i n  c o n t r o l  b l o t s  a re  s h o w n  in  F ig .  1. Al l  f o u r  

m R N A s  s h o w e d  c l e a r  i n d u c t i o n  i n  t h e  E l anes .  C o n t r o l  

f l - a c t i n  h y b r i d i z a t i o n  s i g n a l s  w e r e  u n i f o r m  in  al l  l a n e s  

a n d  i n d i c a t e d  t h a t  e q u a l  a m o u n t s  o f  R N A s  w e r e  l o a d e d  

in  e a c h  l ane .  T h e  N o r t h e r n  b l o t  d a t a  o f  all  c l o n e s  a re  

s u m m a r i z e d  in  T a b l e  1. O f  t h e  i n d u c e d  m R N A s ,  5 0 %  

w e r e  i n d u c e d  3 - f o l d  o r  g r e a t e r  r e l a t i v e  to  b a s e l i n e  l eve l s  

in  o v a r i e c t o m i z e d  ra t s .  F i g u r e  2 c o n t a i n s  t h e  d e o x y n u -  

c l e o t i d e  s e q u e n c e s  o b t a i n e d  f r o m  t h e  5 '  e n d s  o f  

m e m b e r s  o f  t h e  t h r e e  c l a s ses  o f  E - i n d u c e d  c D N A  
c l o n e s  l i s t e d  in  T a b l e  1. 

D I S C U S S I O N  

T h e  s t e r o i d  h o r m o n e s  E a n d  P c o o p e r a t e  in  t h e  

i n d u c t i o n  o f  s e x u a l  b e h a v i o r  in  t h e  o v a r i e c t o m i z e d  r a t  

[1]. I n  o r d e r  to  d e f i n e  t h e  m o l e c u l a r  e v e n t s  i n v o l v e d  in  
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this complex behavioral response, it is important  to 
understand the magni tude of the genetic response to E 
and to identify specific genes that may be either 
involved in the behavioral response or serve as gene 
markers  for the response. In the course of a study 
designed originally to find P- induced genes, we 
discovered incidentally a surprisingly large number  of  
E-induced genes (21 mRNAs) .  

T h e  mammal ian  brain is a highly complex organ. 
Earlier estimates indicated that one third of  the 
mammal ian  genome is devoted exclusively to its 
function [17-19]. According to an estimation by Milner  
and Sutcliffe [20], the brain expresses approx. 30,000 
distinct m R N A  species of an average length of 5000 
nucleotides. Kinetic [21] and clonal [20] analyses found 
that between 4 0 - 6 5 %  of the mass of  brain m R N A  was 
brain specific. In  other words, roughly 10,000 to 20,000 
of the 30,000 brain m R N A s  detected in the mammal ian  
brain are specific for that organ. This  remarkable 
complexity means that the bulk of brain m R N A s  are 
rare or extremely low abundant  m R N A s  and most  
likely will escape hybridization to high Rot values. 
Therefore ,  the strategy for this s tudy was to use a 
combination of low Rot hybridization and differential 
screening to help identify induced genes. The  results 
using differential l ibrary screening to detect P- induced 
genes will be presented elsewhere. Theoretically,  low 
Rot hybridization removes abundant ly  expressed 
common m R N A s  but  not the low copy induced 
sequences. Thus ,  this is an enr ichment  procedure that 
may facilitate recognition of low copy induced 
sequences by promot ing  the lower abundancy m R N A s  
to a level of  higher abundancy.  This  approach was 
employed to detect E-induced mRNAs .  T h e  fortuitous 
identification of a large number  of  E-induced genes 
appears to be the result of  this enrichment  effect. 

Gonadal  steroids, especially E, regulate many  brain 
functions and E-concentrat ing cells are abundant  
throughout  the brain [22-24]. Estrogen has been shown 
to up-regulate a variety of  genes in the hypothalamus,  
including regulatory proteins such as the PR [4] and 
c-los [25, 26], rate-limiting enzymes such as tyrosine 
hydroxylase [27], and neurotransmit ter  molecules such 
as neurotensin/neuromedin N [28], somatostatin [29], 
gonadotropin-releasing hormone ( p r o G n R H - G A P  
[30]), preproenkephal in  [31], and oxytocin receptor 
[32, 33]. Ironically, these cDNAs  were not among the 
clones identified in hypothalamic tissue samples in the 
present  study. Methodological  differences in our 
approach may explain the different findings. Virtually 
all previous studies demonstrated m R N A  regulation 
using preselected and targeted cDNAs  or antibodies. 
Also, variation in experimental  protocols such as 
surgery, t ime of tissue collection, and the amount  of  
hormone t reatment  may have contr ibuted to differences 
in the detected gene induction pattern. Finally, a large 
proport ion of the above studies were performed using 
biochemical methods such as binding [32] and 

immunocytochemis t ry  [26] or by in situ hybridization 
analyses [4, 27-29, 31 ]. None  of these methods are ideal 
for measuring relative levels of m R N A  expression in 
the whole hypothalamus.  

Other  studies that employed more quantitative 
methods such as Nor thern  [29], dot-blot  [31] and R N A  
protection assays [28], were per formed on mi-  
crodissected subregions of  the hypothalamus.  Even 
then, the magnitude of m R N A  induction was found to 
be very small in many  instances. For  example, an 
E-induced increase of somatostatin m R N A  in the 
preoptic area and the mediobasal hypothalamus,  was 
detected by in situ hybridization studies [35]. However ,  
Nor thern  blot analysis of  whole hypothalamus R N A  
showed only a 0.5-fold E-induced increase in somato- 
statin m R N A  level [29] and required large amount  of  
m R N A  (10~tg, poly A + )  for hybridization signal. 
Thus ,  m R N A  induction in specific cell groups when 
readily revealed by in situ hybridization, may not be 
detected readily by Nor thern  blot analyses due to tissue 
dilution effects. Consequently,  some E-induced 
m R N A s  may have escaped detection due to a tissue 
dilution effect and remain as very low abundant  
m R N A s  even after enrichment  by subtraction. 

Morphologically,  30% of neurons in the V M N  
respond to E by showing an increase in size of cell 
nuclei, nucleoli and cell somatae [36]; an abundance of 
stacked RER and polyribosomes indicative of active 
metabolism are also observed after E administration 
[36, 40]. Gonadal  steroids may induce synaptic remod-  
eling in the adult rodent hypothalamus,  since the 
number  of synapses in the arcuate nucleus [35-37] and 
V M N  [38] have been shown to increase with E 
treatment.  A number  of  the E-induced m R N A s  shown 
in Table  1 encode metabolic enzymes, and are also 
moderately abundant.  Therefore ,  some of the E- 
induced genes in this report  may be the product  of a 
broad targeting effect of E, thus, providing some 
molecular basis for the observed morphological  
changes in the hypothalamus.  

Although the present sequence information is limited 
to 5' plus 3 ' -end sequences, it is interesting to note that 
the vast majority of clones reported herein do not 
represent known sequences in the Genbank.  
Considerable interest has been generated recently for 
obtaining expressed sequence tags, especially f rom the 
brain [40,41]. This  study represents the largest 
number  of  E-induced genes ever described for a single 
organ. In  the rat uterus, which undergoes a marked 
growth response to E, only a few specific marker  genes 
have been shown to be under  estrogenic regulation. 
Our  finding of a more global response to estrogen, casts 
a new light on the magnitude and complexity of the 
effect of this hormone in the rat hypothalamus.  Finally, 
the newly identified cDNAs may serve as markers  for 
E-induced central nervous system behavior and 
deserve further investigation into their physiologic 
roles. Some of these gene products could provide 



136 S i m o n  W .  L a w  et al. 

a d d i t i o n a l  i n s i g h t s  i n t o  t h e  m o l e c u l a r  b a s i s  o f  s t e r o i d  

h o r m o n e  a c t i o n  i n  s e x u a l  b e h a v i o r ,  a n d  a l s o  m a y  b e  o f  

u s e  i n  s t u d i e s  o f  e s t r o g e n i c  r e s p o n s e s  i n  o t h e r  o r g a n s  

a n d  d i s e a s e  s t a t e s .  
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