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COLLADO, M. L., G. RODRIGUEZ-MANZO AND M. L. CRUZ. Effect of progesterone upon adenylate cyclase 
activity and cAMP levels on brain areas. PHARMACOL BIOCHEM BEHAV 23(4) 501-504, 1985.--Changes induced 
by progesterone on adenylate cyclase activity and cAMP levels were determined in brain areas involved in the integration 
of sexual behavior in ovariectomized estradiol benzoate primed rats. Adenylate cyclase and cAMP concentrations 
were assayed in: preoptic area, ventromedial hypothalamus and cerebral cortex. Our results show a significant increase 
in both enzyme activity and cAMP levels at 2 and 4 hours after progesterone administration in all brain areas studied. 
These data suggest that the facilitatory effect of progesterone on sexual behavior involves an activating mechanism 
of this steroid upon the adenylate cyclase enzyme which results in an intraneuronal cAMP enhancement. 
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LORDOSIS behavior  is induced by the sequential  action 
of  estrogen (E) and proges terone  (P). The cel lular  events 
under lying the E-P interact ion on lordosis  behavior  are not 
well understood. Estrogen stimulates the synthesis of protein 
molecules  [ 14] and according to a model  recent ly suggested 
by Beyer  et al. [1], the major i ty  of  these proteins are in an 
inact ive state and P would faci l i tate  lordosis  by st imulat ing 
their  phosphoryla t ion  through a cAMP dependent  phos- 
phokinase.  The fo l lowing observat ions  support  this hy- 
pothesis:  (a) adminis t ra t ion of  cAMP analogues  st imulate 
lordosis  in es t rogen pr imed rats [3], (b) t reatment  with 
chemicals directly or indirectly activating adenylate cyclase 
(E .C .4 .6 .1 .1 )  substi tute for P in inducing lordosis  (guanine 
nucleot ides ,  forskol in ,  cholera  toxin) [4, 7, 8, 10], and (c) 
adminis t ra t ion of  phosphodies te rase  inhibi tors  potentiate  
the effect of  P in s t imulat ing lordosis  [5]. 

There is no evidence showing that P influences an ade- 
nylate  cyc lase  cAMP system in the brain.  Therefore ,  this 
study was des igned to invest igate  the effects of  this steroid 
on the adenylate  cyc l a se -cAMP act ivi ty  of es t rogen-pr imed 
rats. 

Changes in adenylate  cyclase  act ivi ty and cAMP levels 
after P are also corre la ted with the d isp lay  of lordosis  be- 
havior  of  ovar iec tomized  estrogen pr imed rats. 

METHOD 

Eighty adult  female Wis tar  rats (200 -250  g weight) ,  
were kept  in isola ted cages,  fed with Purina and water  ad 
lib and mainta ined in a room at 23°C with a reversed light 
cycle  (14 hr l ight/10 hr dark).  The rats were ovar iec tomized  
and twenty days later injected with 4 i~g of estradiol benzoate 
(EB). This dose of  EB has been found to be ineffect ive in 

s t imulat ion of  lordosis  behavior  in our ovar iec tomized rats. 
A single inject ion of  4 mg of  progesterone (P), or oil was 
given 44 hr after EB. The animals were d ivided into four 
groups of  20 rats. Group 1 as control:  the rats were injected 
with oil at 44 hr after EB. Group 2 - 4 :  the animals were 
injected with P at 44 hr after EB. 

The rats were tested for lordosis  behavior  at 1 (group 
2), 2 (group 3) and 4 (group 4) hours after P. Tests for 
lordosis  behavior  were made in a c ircular  observat ion cage 
(Plexiglas)  of  53 cm diameter .  Sires were vigorous males.  
Each female received 10 vigorous mounts per  test. Recep- 
t ivi ty of  the females was quantified by the lordosis  quotient 
(LQ = lordosis/10 mounts). Immediately after the conductual 
test,  the rats were sacrif iced by decapi ta t ion (not by micro- 
wave irradiation which inactivates enzymatic activities [31]) 
and the head immediately frozen in liquid nitrogen, to prevent 
the increase of  nucleot ides  levels.  

The brain was removed and the hypothalamus was sep- 
arated by a frontal sect ion at the level of  optic chiasma,  a 
caudal section through the mammillary bodies and the lateral 
sect ions of the hypothalamic  fissures. A horizontal  section,  
at 2 mm from the base of  the brain,  separated the hypo- 
thalamus from the rest of  the brain.  This b lock of  tissue 
was then d iv ided  into two port ions by a frontal cut placed 
at the frontal level  of  the median eminence;  the anterior 
port ion contained the cont inum preopt ic  area-anter ior  hy- 
pothalamus (POA) and the poster ior  port ion contained the 
medial  and poster ior  hypothalamus  (HVM). A port ion of  
the motor  cortex (Cx) was also dissected and processed.  

Fissues were cold homogenized  at 30% w/v in a buffer 
(Tris-HCl,  40 mM, p H = 7 . 4 )  containing theophyl l ine  10 
mM. The homogenate  was d iv ided  into three aliquotes:  one 
used for protein determination, one for the enzymatic activity 
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FIG. 1. Brain adenylate-cyclase activity changes induced by sex hormones. The LQ and the 
adenylate cyclase activity in different brain structures of ovx rats injected with estradiol 
benzoate (EB) followed 44 hr later by progesterone (P). The animals were tested for lordosis 
and thereafter sacrificed for biochemical determinations. *Student's t-test. 

assay,  and the last one was stored at - 7 0 ° C  until the de- 
terminat ion of  cAMP was per formed.  

Assay of Proteins With the Homogenate Preparation 

In all homogenates,  proteins were determined by the method 
of Lowry ,  [19] and were used as a reference parameter .  

Assay of Adenylate Cyclase Activity With Homogenate 
Preparation 

The enzyme act ivi ty  was de termined by the method of 
Krishna et al. [ 16]. The react ion mixture contained 40 mM 
Tris-HC1 (pH = 7.4) ,  5 mM MgSO4, 10 mM theophyl l ine ,  
10 mM NaF, 2 mM ATP (enzyme substrate) and enzyme 
(homogenate  containing 0 . 0 6 - 0 . 3  mg of proteins)  in a total 
volume of  0.2 ml. After  incubat ion of  5 minutes at 30°C, 
the react ion was s topped by boi l ing 3 minutes,  and the 
samples  were centr i fuged at 3,000 x g for 10 minutes.  In 
one 50 ILl aliquote of supernatant, the concentration of cAMP 
formed was measured in competit ion with addition of labeled 
cAMP, and radioassayed by the method of Steiner [32] using 
the cAMP-Ria  Kit  of  Amersham,  England.  All values were 
related per mg of  protein per rain. 

Assay of cAMP Levels With Homogenate Preparation 

The homogenate  was boi led  for 3 minutes,  in order  to co- 
agulate proteins ,  and centr i fuged at 3,000 x g for 10 min. 
The cAMP determined in the supernatant  by radioimmu- 
noassay fo l lowing the method of Steiner [32] using the 
cAMP-Ria  Kit  of  Amersham,  England.  

Data obtained for LQ were analyzed by the Mann-Whitney 
U test, and values obtained for AC activity and cAMP levels 
were analyzed by the S tuden t ' s  t-test.  

R E S U L T S  

Figure 1 summarizes the results obtained in the experiment 

in which adenylate cyclase activity was measured following 
ei ther  EB or P. Values of adenylate  cyclase  act ivi ty varied 
signif icantly between areas,  highest  values being observed 
in the POA and lowest  in the VMH. Progesterone admin- 
istrat ion resul ted,  in the three brain areas studied, in a sig- 
nificant increase in adenylate  cyclase  act ivi ty that reached 
its peak 2 hr after the adminis t ra t ion of  the steroid.  Four 
hours after P, levels of enzyme activity were not statistically 
different  from control  values (0 hr). Figure 2 presents the 
cAMP intraneuronal  values obtained after P adminis t ra t ion 
in ovar iec tomized  estrogen pr imed rats. It can be seen that 
cAMP levels increased signif icantly 2 hr after P in all brain 
regions studied,  i . e . ,  POA, VMH and Cx, but two hours 
later (4 hr after P) only the motor cerebral cortex still showed 
levels s ignif icant ly higher  than control  values.  At the dose 
level employed ,  P (4 mg) e l ic i ted lordosis  behavior  in all 
treated estrogen pr imed rats. 

Figures 1 and 2 show the temporal development of lordosis 
behavior  fo l lowing P, together  with values of adenylate  
cyclase  (Fig.  1) and cAMP (Fig. 2) at the various test in- 
tervals. It can be seen that initiation of overt lordosis behavior 
coincides  with the significant rise of  both adenylate  cyclase  
act ivi ty and cAMP levels occurr ing at 2 hr after P, but that 
the act ivi ty of the adenylate  cyc lase -cAMP system returned 
to normal values when lordosis  behavior  was at its peak 
level (4 hr after P). 

D I S C U S S I O N  

Several  studies have demonstra ted the important  role 
p layed by the adenylate  cyclase  enzyme in brain as well as 
its par t ic ipat ion in sexual behavior  [2]. 

Several  adenylate  cyclase  act ivat ion mechanisms upon 
each of its three different constitutive units have been proved 
[11]: (a) The receptor  unit contains specific receptors for 
several  substances which, when adminis tered,  increase AC 
act ivi ty and faci l i ta te  lordosis  behavior ,  for example:  neu- 
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FIG. 2. cAMP levels in brain areas after treatment with sex hormones. The LQ and the 
intraneuronal cAMP levels in different brain structures of ovx rats injected with estradiol 
benzoate (EB) followed 44 hr later by progesterone (P). The animals were tested for lordosis 
and thereafter sacrificed for biochemical determinations. *Studenrs t-test. 

rot ransmit ters  [6], LH-RH [20], PG E2 [30]; (b) The reg- 
ulatory unit has a protease  act ivi ty  which is decreased " in  
v i t ro"  by protease  inhibi tors  such as Net- tosyl-L-arginine-  
methyl -es ter  (TAME),  Nc~-tosyl-L-lysine chloro-methyl-  
ketone (TLCK),  etc. [25,28],  and act ivated by GTP and its 
analogs by a covalent  mechanism involving the enzyme 
phosphorylation [8] and by cholera toxin [7]. Recent reports 
have shown the act ivat ion of  brain adenylate  cyclase  by 
vanadate  via guanine nucleot ides ,  regula tory  proteins [ 18]. 
(c) The cata lyt ic  unit has been act ivated by forskotin in the 
brain [9] and in E2 pr imed rats in order  to faci l i tate  lordosis  
behavior  [10]. This unit can be normal ly  act ivated by NaF 
in the presence of  Mg ions [26]. At the same time it is 
responsible  for neuronal  cAMP product ion which may me- 
diate synapt ic  t ransmiss ion [12]. 

In some phys io log ica l  events P increases cAMP levels 
[ 15], however ,  this effect has not been shown in the central 
nervous system (CNS).  

Progesterone can be substi tuted in its behavioral  effect 
by cAMP and cAMP analogs [3]; by GTP and GTP analogs 
[11]; by forskol in  [9]; and its effect is s trongly synergized 
with phosphodies terase  inhibi tors  [5]. Accord ing  to Suth- 
er land [33], these are the basic character is t ics  to catalog a 
drug,  in this case proges terone ,  as an adenylate  cyclase  
act ivat ing drug. 

Recent works repor ted that P faci l i ta tes  sexual response 
with a very short la tency when int ravenously  adminis tered  
[17], and its fac i l i ta tory  effect is not b locked by protein 
synthesis  inhibi tors  [27]. 

Hitherto, data suggest indirectly that P could have a 
direct  effect upon adenylate  cyclase  act ivi ty related to the 
induction of  lordosis  behavior  in EB pr imed rats. 

Our present  results  show that P adminis t ra t ion to ovari-  
ec tomized estrogen pr imed rats both act ivates adenylate  
cyclase  act ivi ty  and raises cAMP levels (this dose also in- 
duced a clear  faci l i ta t ion of  lordosis  behavior  in the same 
rats). Supr is ingly ,  the act ivat ion of  the adenylate  cyclase  

cAMP system occurred with a rather long latency (1 hr) 
since no significant e levat ions  in ei ther  adenylate  cyclase  
act ivi ty  or cAMP levels were observed until two hours after 
P, when peak values were observed in the hypothalamus 
and the POA. A similar ,  long latency to raise hypothalamic  
cAMP levels has been reported for prostaglandine E2 in the 
rat, a phenomenon presumably  due to the fact that this 
effect is mediated by catecholamine release [22]. An indirect 
effect of P on cAMP must also be considered since there is 
evidence that this steroid s t imulates  the release of  nora- 
drenal ine (NA) in anterior  hypothalamic  tissue [21]. This 
idea is not directly supported by our finding that propanoiol,  
a f3 adrenergic antagonist, and phentolamine, an ot-adrenerglc 
antagonist ,  interferes with the faci l i ta tory effect of  P on 
lordosis  behavior  in estrogen pr imed rats [29]. The possi-  
bility, however, that P can interact with membrane receptors 
l inked to adenylate  cyclase  cannot be excluded,  since mem- 
brane receptors  for P have been recent ly found in brain 
synoptosome system [34]. 

The dose of  P effect ive to activate the adenylate  cyclase  
cAMP system also induced a clear  faci l i ta t ion of lordosis  
in the same rats. However ,  a close temporal  re la t ionship 
between cAMP levels and lordosis  behavior  was not ob- 
served.  Peak values of cAMP were observed in the VMH 
and the POA two hours after P when significant levels of 
lordosis  behavior  were a l ready apparent.  However ,  highest 
LQ values were observed at 4 hr when cAMP levels have 
clearly diminished in these structures. This lack of temporal 
correlation between cAMP values and the display of lordosis 
suggests  that a raise in cAMP level is involved in the trig- 
gering of  cel lular  events essential  for the ini t iat ion,  but not 
for the maintenance,  of  lordosis .  

In addition to the "c lass ic"  mechanism of steroid action, 
compel l ing  data suggest  that P, at high concentrat ions ,  acts 
d i rect ly  on the outer  ce l lu lar  membrane [ 1 ] to alter calcium 
uptake [15] which could u l t imate ly  influence cycl ic  nu- 
cleot ide act ivi ty by a variety of  mechanisms [22]. 
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The finding that the cerebral cortex,  a structure intended 
to serve as a control responsive tissue, also responded to P 
administration was surprising. However ,  there is evidence 
for the existence of  cytosol ic  progestin receptors in the 
cerebral cortex and hypothalamus induced by estrogen, and 
several studies suggest that this structure mediates receptivity 
in the female rat [24]. 

There is now abundant evidence for the participation of  
phosphorylat ion reactions in the regulation of  neuron ex- 
citability. Thus, phosphorylat ion reaction participates in 
the act ivation of  several proteins involved in synaptic 
transmission,  and in the affinity of  membrane receptors to 

neurotransmitters [13]. It has been shown that the phos- 
phorylation of  several proteins can be modified by various 
steroids, including androgen, and corticoids,  but the effect 
of  P on the phosphorylat ion rate of  these proteins has not 
been tested. The fact that clear activation of  the adenylate 
cyclase cAMP system was achieved with P in the present 
study suggests that this steroid exerts some of its action on 
brain function through changes in protein phosphorylation.  
More detailed studies, however, will be required to establish 
a casual relationship,  if any, between the raise in cAMP 
levels induced by P and the facili tation of  lordosis by this 
steroid in estrogen primed rodents. 
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