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In e s t r ad io l - t r ea ted  p i tu i t a ry  cells, progesterone enhances gonadot ropin- re leas ing  h o r m o n e  
(GnRH)- induced  LH secret ion f r o m  cu l tu red  ra t  p i tu i t a ry  cells dur ing  s h o r t - t e r m  t r e a t m e n t  but  
a t t enua tes  this response dur ing  pro longed t r ea tmen t .  In the present  s tudy,  the effects of  gonadal  
s teroids on GnRH- induced  cytoplasmic  ca lc ium ([Ca 2+ ],) responses in gonadot rophs  were ana lyzed  
in ra t  p i t u i t a ry  cells and  i m m o r t a l i z e d  (arT3-1) m u r i n e  gonadotrophs .  Ca ~+ responses were 
m e a s u r e d  in cell suspensions and  single gonadotrophs ,  loaded with Fura-2 or Indo-1, respectively,  
and  p re t r ea t ed  for  48 h with I nM estradiol  with or wi thout  100 nM progesterone,  or for  48 h with 
I nM est radiol  and  then  for  3 h with 100 nM progesterone.  In cells of  the ~tT3-1 gonado t roph  lineage, 
GnRH elici ted biphasic Ca 2+ signals composed of  an ini t ial  peak response followed by a prolonged 
p la teau  phase. The ampl i tudes  of  both  the ext race l lu lar  Ca2+-independent spike phase and  the 
ex t race l lu la r  Ca2+-dependent p la teau  phase were enhanced  or inhibi ted  by short-  or l ong - t e rm 
proges terone  t r e a t m e n t ,  respectively.  In single p i tu i t a ry  gonadotrophs ,  GnRH (0.5 riM) elicited 
osci l la tory responses due to i n t e r m i t t e n t  release and  uptake of  Ca 2+ f r o m  in t race l lu la r  stores. 
T r e a t m e n t  with proges terone  shif ted the osci l latory signal toward  biphasic (3 h) or sub threshold  
(48 h) response profiles, reveal ing a s te ro id- induced  change in the pa t t e rn  of  Ca 2+ mobil izat ion.  
In addi t ion  to these agonis t - induced  responses, the t r ans ien t  [Ca 2+ ]~ responses of  p i tu i t a ry  cells and  
indiv idual  gonadot rophs  to high K + were enhanced  or inhibi ted  af ter  short -  or l ong - t e rm progester-  
one t r e a t m e n t ,  respectively.  These actions were cor re la ted  with the effects of  proges terone  on 
K+- induced  LH secretion. The [Ca 2+ ], and  LH secre tory  responses to phorbol  ester t r e a t m e n t  were 
also enhanced  by s h o r t - t e r m  exposure of  the cells to progesterone.  The resul ts  demons t r a t e  tha t  the 
s t imu la to ry  and  inh ib i tory  effects of  progesterone on agonis t - induced Ca 2+ signaling resul t  f r o m  
changes in Ca 2+ mobi l iza t ion  and  entry,  and  cont r ibute  to the m o d u l a t o r y  actions of  the s teroid on 
GnRH- induced  LH secretion.  
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INTRODUCTION 

Estradiol and progesterone are important ovarian 
modulators of gonadotropin secretion from the anterior 
pituitary gland. The positive and negative feedback 
effects of these steroids include both sensitizing and 
inhibitory actions on the responsiveness of pituitary 
gonadotrophs to hypothalarnic gonadotropin-releasing 
hormone (GnRH). In cultured pituitary cells from 
female rats, long-term (>12h)  estradiol treatment 
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leads to enhanced LH responses to GnRH stimu- 
lation [1-3]. In such estrogen-primed cells, short-term 
(>45 min) progesterone treatment exerts an acute 
facilitatory effect on GnRH-stimulated gonado- 
tropin secretion [4-6]. Conversely, prolonged exposure 
(>16h)  of these cells to progesterone leads to inhi- 
bition of LH secretory responses [1, 5]. 

Although the effects of gonadal steroids on gonado- 
tropin release are well characterized, the underlying 
mechanisms of these actions are poorly understood. 
Several lines of evidence support the hypothesis that 
modulation of gonadotropin secretion by estradiol and 
progesterone includes an action on the GnRH signal 



48 O. Ortmann et al. 

transduction system [7-9]. GnRH stimulates poly- 
phosphoinositide hydrolysis and the formation of 
inositol 1,4,5-trisphosphate and diacylglycerol, which 
respectively mobilize calcium (Ca 2+ ) from intracellular 
sources and activate protein kinase C (PKC) [10-13]. 
In single gonadotrophs, the GnRH-induced increase of 
[Ca z+ ],, which is the primary signal for exocytosis, 
exhibits dose-related response profiles that range from 
subthreshold (low doses) to oscillatory (intermediate 
doses) and biphasic (high doses) patterns [14]. The 
initial oscillatory or spike response is independent of 
Ca 2+ influx while the plateau phase requires Ca z+ entry 
into the cell [14--16]. 

In the present study, we investigated the ability 
of ovarian steroids to modulate agonist-induced cyto- 
plasmic Ca z+ signals and Ca2+-mediated exocytosis 
in rat pituitary cells. [Ca z+ ], measurements were per- 
formed in cultured pituitary gonadotrophs and cells 
of the ~T3-1 gonadotroph lineage [17]. Based on 
[Ca 2÷ ], measurements in single gonadotrophs and cell 
suspensions, stimulated by GnRH and agents that 
promote Ca z+ entry through voltage-sensitive calcium 
channels (VSCC), we conclude that both Ca 2+ mobiliz- 
ation and Ca 2+ entry are bidirectionally modulated 
by progesterone, depending on the duration of steroid 
action. 

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

General 

Pituitary glands obtained from intact or 2-3 week 
ovariectomized adult female Sprague Dawley rats were 
dispersed into single cells by controlled trypsinization 
as described previously [18]. Dispersed pituitary cells 
were cultured in medium 199 (M199, Biofluids Inc., 
Rockville, MD, U.S.A.) containing Earle's salts, 1.4% 
sodium bicarbonate, 10% horse serum that had been 
pretreated with 2% charcoal (Norit A) and 0.2% 
Dextran T 70 (Pharmacia, Uppsala, Sweden), 10 #g/ml 
streptomycin and 100U/1 penicillin at 37°C under 
5% COz-air and saturated humidity. ~.T3-1 cells 
were grown in Dulbeco's modified Eagle's medium 
supplemented with 10% fetal calf serum pretreated 
with 2% charcoal and 100 #g gentamycin, as described 
previously [19]. GnRH (Peninsula Laboratories Inc., 
Belmont, CA, U.S.A.) was dissolved in distilled water; 
phorbol 12-myristate-13-acetate (PMA) in dimethyl- 
sulfoxide, and estradiol and progesterone in ethanol 
(all from Sigma, St Louis, MO, U.S.A.). All drugs 
were diluted to their respective working concentrations 
before use. 

Effects of estradiol and progesterone on cytoplasmic 
Ca 2+ signals 

[Ca 2+ ], measurements were performed either in cell 
suspensions (pituitary cells from ovariectomized rats 
or ~T3-1 cells) or in single gonadotrophs. When sus- 
pensions were used the cells were cultured on 6-well 
plates (2 × 1 0  6 cells/well) and pretreated for 48h 
with 1 nM estradiol, or 1 nM estradiol + 100 nM 

progesterone, or for 48 h with estradiol and during 
the last 3 h with 100 nM progesterone. The cells then 
were detached by pretreatment with 0.02% EDTA 
in Ca2+-free M199 for 10min at 37°C, and centri- 
fuged at 100g for 5 min. The cells were resuspended 
in M199 containing Hank's salts, 0.1% bovine serum 
albumin (BSA) and 2 # M  Fura-2 AM (Calbiochem, 
San Diego, CA, U.S.A.) and incubated for 30min 
at 37°C. After a further centrifugation step (100g 
for 5 min) the cells were resuspended in phenol red- 
free M199 containing Hank's salts, 1.2mM CaC12 
and 0.1% BSA. Spectrofluorometric analyses 
of [Ca2+], were performed in a Delta Scan Spectro- 
fluorometer (Photon Technology Inc., Princeton, 
NJ, U.S.A.) [20]. The [Ca2+], values calculated 
from emission data at 500 nM were corrected for dye 
leakage and autofluorescence as described by 
Grynkiewicz et al. [21]. To investigate the effects of 
estradiol and progesterone on Ca 2÷ influx through 
PKC-activated VSCC, pituitary cells from ovari- 
ectomized rats were stimulated with 40--60 mM K ÷ or 
100 nM PMA. Since ~T3-1 cells respond exclusively 
with biphasic Ca 2÷ signals [20], they were utilized to 
determine whether estradiol and progesterone exert 
specific actions on the spike and plateau phases of the 
Ca 2 ÷ response. 

For [Ca z÷ ], measurements in single gonadotrophs, 
pituitary cells were plated in 35mm Petri dishes 
(Falcon, Oxnard, CA, U.S.A.) containing 25mm 
round glass coverslips coated with 0.01% poly-L-lysine 
(Sigma). Steroid pretreatments were performed as 
described above. After a culture period of 2-3 days the 
incubation medium was replaced with 2ml M199 
(Hank's salts, 0.1% BSA, 25mM HEPES, 12.5mM 
NaHCO3, 100U/1 penicillin and 10/~g/ml strepto- 
mycin) containing 2 # M  Indo-1 AM (Molecular 
Probes, Eugene, OR, U.S.A.). After incubation for 
60 min at 37°C the coverslips were washed twice with 
fresh incubation medium containing 1.2 mM CaC1 z and 
maintained in the same medium at room temperature 
before fluorescence measurements. Individual cover- 
slips were transferred into a Leiden coverslip dish 
(Medical Systems Co., Greenvale, NY, U.S.A.) with 
1 ml phenol red-free M 199, mounted on the stage of 
an inverted Diaphot microscope attached to a dual 
emission microscopic fluorometer (Nikon, Garden 
City, NY, U.S.A.) and examined under a × 40 oil 
immersion fluorescence objective. Fluorescence 
measurements and calculation of [Ca 2+ ], values were 
performed as described previously [14]. An intermedi- 
ate dose of GnRH (0.5 nM) or high [K + ]e was used to 
stimulate the cells. 

Effects of estradiol and progesterone on L H  secretion 

To test the effects of estradiol and progesterone on 
secretory responses to GnRH, PMA or depolarization 
induced by high extracellular K ÷ anterior pituitary 
cells were cultured in multiwell culture dishes (200,000 
cells/well). The ceils were pretreated for 48 h with 
vehicle (V, 0.2% ethanol), l nM estradiol, 1 nM 
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estradiol + 100 nM progesterone or pretreated for 48 h 
with 1 nM estradiol and additionally with 100nM 
progesterone during the last 4 h. Stimulation with 
1 nM GnRH, 10nM PMA, or 60mM K + was per- 
formed during the last 3 h of the indicated treatment 
periods. Media were collected and analyzed for their 
LH content by radioimmunoassay using the RP-3 rat 
LH standard provided by the National Hormone and 
Pituitary Agency (Baltimore, MD, U.S.A.). 

The effect of acute progesterone treatment on LH 
secretion induced by Ca 2+ influx through VSCC 
was analyzed in cell perifusion experiments. For this 
purpose, pituitary cells were cultured for 48 h in 
Petri dishes on Cytodex I microcarrier beads in 
the presence of l n M  estradiol. The beads and 
their attached cells were then transferred to two peri- 
fusion chambers (Endotronics, Minneapolis, MN, 
U.S.A.; 2 x 107 cells/chamber) and constantly peri- 
fused with medium (as described under General 
except that 1% BSA was used instead of horse serum 
and 25 mM HEPES instead of sodium bicarbonate) 
containing i nM estradiol. After an equilibration 
period of 90 min each of the chambers was challenged 
with a 2-min pulse of 60 mM K + (control pulse). One 
of the chambers was then perifused with medium 
containing 100 nM progesterone in addition to 1 nM 
estradiol. Three further K + pulses were administered 
to each of the chambers at 40-rain intervals. The 
effluent medium was collected in l-rain fractions 
(0.5 ml/fraction) which were analyzed for their LH 
content by RIA. 

R E S U L T S  

Effects of estradiol and progesterone on cytoplasmic Ca 2+ 
signals 

It has been shown previously that suspensions of 
~T3-1 cells respond exclusively with biphasic [Ca 2+ ], 
profiles to GnRH (100 nM), with a spike phase pre- 
dominantly dependent on Ca 2÷ mobilization, and 
a sustained plateau phase that is dependent on Ca 2+ 
entry through VSCC [20]. In estradiol-primed cells, 
short-term exposure of these cells to progesterone 
caused marked enhancement of the spike and plateau 
phases, while long-term application of the steroid had 
an inhibitory action (Fig. 1, Table 1). These data 
indicate that progesterone modulates both Ca 2+ mobil- 
ization and Ca 2÷ entry pathways. 

More detailed examination of the modulatory effects 
of progesterone on Ca 2* mobilization pathways was 
performed in single gonadotrophs after steroid treat- 
ment of cultured pituitary cells. For this purpose, 
individual gonadotrophs were stimulated with a sub- 
maximal dose (0.5 nM) of GnRH to elicit oscillatory 
cytoplasmic Ca 2* signals that are predominantly 
dependent on Ca 2÷ mobilization during the first 5 min 
of stimulation [14-16]. In long-term estradiol-treated 
cells, this dose of GnRH induced oscillatory [Ca 2* ], re- 
sponse profiles in about 80% of the cells. Progesterone 
application for 3 h switched the subthreshold to oscil- 
latory responses and oscillatory to biphasic responses. 
In contrast, long-term progesterone treatment shifted 
oscillatory to subthreshold response profiles (Fig. 1, 
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Fig. 1. Short-  and long- term effects of  progesterone on GnRH-induced  [Ca 2+ ], signals in single gonadotrophs 
(A) and suspensions of  ~,T3-1 cells (B). Cells were treated for 48h with  l nM estradiol  or t nM estra- 
diol + 100 nM progesterone,  or for 48 h with  I nNl estradiol  and 3 h with 100 nM progesterone before s t imu-  

lation with 0.5 nM (single gonadotrophs)  or 100 nM GnRH (~T3-1 cells). 
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Table 1. Effects of progesterone on GnRH-induced Ca 2+ responses in 
c¢T3-1 cells 

Response E 48 h E + P 48 h E 48 h + P 3 h 

Spike amphtude (nM) 205.6 4- 14 3 175,3 ___ 13 3 345.6 4- 56 4* 
Plateau amplitude (nM) 26.4 + 3.6 10,8 + 3.1" 60.2 _+ 11 8* 

[Ca 2÷ ], changes (ruM) m suspended ~T3 cells that had been pretreated for 48 h 
with 1 nM estradlol (E), 48 h with 1 nM estradlol and 3 h with 100 nM 
progesterone (P), or 48 h with 1 nM estradiol + 100 nM progesterone and 
then stimulated with 100 mM K + Data of 6--8 independent experiments 
were analyzed for stausucally significant differences of net [Ca 2÷ ], increases 
during the spike and plateau phases of the responses. *Indicate P < 0 05 or 
higher vs estradiol (ANOVA + Fisher's test). 

Table  2). None  of the steroid treatments influenced the 
ampli tude of the oscillatory or biphasic Ca 2÷ signals, 
while long- term progesterone exposure of  the cells 
reduced spike frequency [22]. 

In  addition, depolarization-induced Ca 2+ signals 
elicited by high [K ÷ ], were analyzed to evaluate the 
modulatory effects of  progesterone on the voltage- 
sensitive Ca 2+ entry pathway. In  suspensions of cul- 
tured rat pituitary cells, K ÷ ( 6 0 m M )  elicited typical 
biphasic [Ca 2÷ ], responses with an initial spike and a 
subsequent plateau phase (Fig. 2). Shor t - te rm (left 
panels) and long- term (right panels) progesterone 
treatment  clearly enhanced or reduced the [Ca2÷], 
responses, respectively. These treatments influenced 
both the spike and the plateau phase of the Ca 2+ signal 
(Table 2). Since the above experiments were performed 
in suspensions of  unfractionated pituitary cells, it is 
possible that these findings could result f rom actions 
of estradiol and progesterone on cell types other 
than gonadotrophs.  However ,  studies performed in 
single gonadotrophs demonstrated that progesterone 
affected the depolarization-induced Ca 2÷ signal in the 
same biphasic fashion as in suspended cells, i.e. with 
enhancement  after shor t - term and inhibition after 
long-term treatment  (Fig. 3). 

Phorbol  esters are known to exert modulatory effects 
on VSCC status in pituitary gonadotrophs [15] 
and other types of  pituitary cells [23]. In  long-term 
estradiol-treated pituitary cells in pr imary  culture, 
P M A  induced immediate and relatively small C a  2+ 

signals. Shor t - te rm progesterone treatment  in such 
estradiol-primed cells resulted in clearly enhanced 
[Ca 2+ ], responses to P M A  (Table 3). However,  P M A  
response in long- term estradiol + progesterone treated 
cells was similar to that observed in cells treated with 
estradiol alone (Table 3). 

Table 2. Effects of progesterone on 
depolarzzation-mduced mcreases of 

[Ca 2+ ], in rat p~tu~tary cells 

Spike Plateau 

E 48h 124_ 29 51 ___ 14 
E48h, P 3h 195-1-21" 784-6 
E + P 48 h 85 4- 22* 26 4- 7* 

For details of steroid treatments and data 
analysis see legend of Table 1. 

Effects of  estradiol and progesterone on G n R H - ,  phorbol 
ester-, and depolarization-induced L H  secretion 

When cultured pituitary cells were treated for 48 h 
with estradiol, GnRH-s t imu la t ed  L H  secretion was 
significantly enhanced. Coincubation with progester-  
one for the same period reduced GnRH-s t imula ted  L H  
secretion. However,  shor t - term (4h) progesterone 
treatment  led to enhanced L H  responses (Fig. 4, left 
panel). Similar effects were observed when cells were 
stimulated with PMA,  except that the long- term 
inhibitory action of progesterone did not occur (Fig. 4, 
middle panel). When  depolarizing concentrations of  
K + were used to induce gonadotropin secretion both 
inhibitory and stimulatory effects of  the steroids were 
observed, similar to those seen in GnRH-s t imula ted  
cells (Fig. 4, right panel). 

Perifused rat pituitary cells were used to investigate 
the kinetics of the acute progesterone effect on depolar- 
ization-induced L H  secretion. As shown in Fig. 5, the 
L H  response to K + was augmented by 33% compared 
to estradiol t reatment  alone within 40 rain after the 
onset of  progesterone treatment.  This  increase in the 
K+- induced  secretory response ( +  123%, P < 0.05 vs 
estradiol, Mann-Whi tney  U-test ,  n = 3) was statisti- 
cally significant after 80 rain, and was fully expressed 
after 120 min, resulting in a 3-fold enhancement  of 
L H  release. T h e  L H  responses of  cells in the control 
chamber,  which received estradiol alone, showed only 
a small increase after repeated K ÷ pulses. The  kinetics 
of  the progesterone-induced augmentat ion of depolar- 
ization-stimulated L H  responses were similar to those 
in GnRH-s t imula ted  cells [6]. 

DISCUSSION 

T h e  present  study extends earlier reports on the 
stimulatory and inhibitory effects of  progesterone on 
agonist-induced gonadotropin secretion in cultured 
pituitary gonadotrophs [22]. Since gonadotropin 
secretion is initiated by increases of  [Ca 2÷ ], that result 
f rom mobilization of intracellular Ca 2÷ and Ca 2÷ 
entry through V S C C  [23], we investigated the ability 
of progesterone to modulate these mechanisms. 
Measurements  of [Ca2+], responses were performed 
in suspensions of ~T3-1 cells, which respond to 
G n R H  stimulation with prominent  [Ca 2÷ ], responses 
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Fig. 2. Short-  and l o n g - t e r m  effects o f  proges terone  on depolar izat ion  (60 m M  K + )- induced [Ca 2+ ], responses  
in suspens ions  o f  p i tu i tary  cells.  Before  [Ca 2+ ], m e a s u r e m e n t s ,  p i tu i tary  cells  f rom o v a r i e c to mi z e d  female  
rats were  treated with  estradio l  and proges terone  as descr ibed in the legend of Fig. 1. Two representat ive  

exper iments  (A and B) are shown.  

comparable to those observed in single cell recordings 
[20, 24]. In these cells of the gonadotroph lineage, 
short- and long-term treatment with progesterone 
enhanced or reduced the amplitude of the Ca 2+ signal, 
respectively. Furthermore, both the extracellular Ca 2+- 
independent spike phase and the extracellular Ca 2+- 
dependent plateau phase were similarly affected. 

The modulatory effects of progesterone on GnRH- 
induced Ca 2+ mobilization pathways were further 
characterized in single gonadotrophs from primary 
pituitary cell cultures. Such cells show a complex 
pattern of Ca 2 + responses to increasing agonist concen- 
trations, composed of subthreshold amplitude-modu- 
lated signals, threshold-oscillatory responses, with 
dose-dependent modulation of frequency but not am- 
plitudes of Ca 2+ spiking, and threshold-biphasic re- 
sponses [23]. We observed bidirectional regulation 
of such [Ca2+], response profiles by progesterone 
during the first 5 min after agonist application, when 
the response is predominantly dependent on Ca 2+ 
mobilization from intracellular stores [14]. Short-term 
progesterone treatment shifted subthreshold responses 
to oscillatory responses, and oscillatory ~o biphasic 
responses. In contrast, long-term progesterone treat- 
ment shifted biphasic to oscillatory and oscillatory to 
subthreshold [Ca 2+ ], response profiles. 

These data clearly indicate that progesterone 
increases or decreases the sensitivity of the intracellular 

events responsible for intracellular Ca 2÷ mobilization. 
The step at which progesterone influences the signal 
transduction system to modulate Ca 2+ signaling and 
GnRH-induced gonadotropin secretion is not yet clear. 
Among the possible progesterone-regulated targets 
within this system are the GnRH receptor, the 
transducing G protein, and the polyphosphoinositide 
hydrolysis process. In contrast to the marked inhibitory 
and stimulatory actions of progesterone o n  C a  2 + signal- 
ing in estrogen-primed cells, estradiol itself, which 
augments agonist-induced gonadotropin secretion, did 
not significantly alter the [Ca  2+ ], responses to GnRH or 
stimulators of Ca 2+ entry. The absence of such an 
action demonstrates that modulation of LH secretory 
responses can be mediated by mechanisms other than 
regulation of Ca 2÷ signaling. 

The data from experiments with ~tT3-1 go- 
nadotrophs indicate that not only GnRH-induced Ca 2+ 
mobilization, but also Ca 2+ entry, is affected by pro- 
gesterone treatment. In accord with this, receptor- 
independent activation of VSCC by K+-mediated 
depolarization of the cell membrane is also modulated 
by progesterone. Mixed cell populations prepared from 
pituitaries of ovariectomized rats that were stimulated 
with K + showed rapid increases of l e a2+] ,  and 
responded with bursts of LH release when K + was 
applied to perifused cells in a pulsatile fashion. Long- 
term progesterone treatment, which had an inhibitory 
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Fig. 3. Shor t -  and l o n g - t e r m  effects of  proges terone  on depo lar iza t ion- induced  [Ca2+ L responses  in s ingle  
gonadotrophs .  (A) S h o r t - t e r m  effects: cells were  treated with 1 nM estradio l  for 48 h (left panel) ,  or for 48 h 
with 1 nM estradio l  and 3 h with 100 nM proges te rone  (r ight  panel)  before  s t imulat ion  with 40 m M  K + (B) 
L o n g - t e r m  effects: cells were  treated for 48 h with I nM estradiol  (left panel)  or for 48 h with 1 nM estradiol  
and 100 nM proges terone  (right  panel)  before  s t imula t ion  with 50 m M  K +. Open or c losed bars indicate  
mean_+ SE of  [CaZ+], ampl i tudes  in estradiol  or e s t r a d i o l + p r o g e s t e r o n e  treated cells,  respect ively .  

(*Indicates  P < 0.01 vs estradiol ,  t - tes t ,  n = 9-15.) 

action on GnRH- induced  L H  secretion, also reduced 
L H  and [Ca 2÷ ], responses to high [K + ]e. On the other 
hand, we observed a stimulatory action of short-term 
progesterone treatment on K÷-induced Ca 2+ signals 
and L H  secretion. The  kinetics of the facilitatory action 
of progesterone on the secretory response of the 
gonadotroph to K ÷ were similar to those previously 
described in GnRH-st imulated cells [6, 25]. In this 
regard, we also performed experiments in which 
[Ca 2+ ], was measured in single gonadotrophs. This  
experimental approach confirmed our finding that 
progesterone regulates depolarization-induced Ca 2+ 
signals in a biphasic manner. These  data strongly 
suggest that progesterone modulation of Ca 2+ entry 
through VSCC represents one possible mechanism 
by which this steroid influences Ca 2÷ signaling in the 
gonadotroph. 

To  further examine this mechanism, we analyzed 
the effects of progesterone treatment on phorbol ester- 

Table 3. Effects of progesterone on 
P M A - m d u c e d  increases of [Ca2+], 

in rat pituitary cells 

Spike Plateau 

E 48h 12+3 8 + 3  
E 4 8 h ,  P 3 h  37_+3* 18_+3 
E + P 4 8 h  25_+5 12_+7 

For deta]ls of steroid treatments and data 
analysis see legend of Table 1 

stimulated Ca 2+ signals. In previous studies, phorbol 
esters were shown to promote Ca 2+ entry mainly 
through VSCC in quiescent gonadotrophs [15]. The  
present finding that PKC-media ted  L H  secretion 
and [Ca2+],  responses are enhanced by short- term 
progesterone treatment suggests that progesterone 
might affect Ca 2+ channel activity via an action on 
PKC.  On the other hand, long-term administration of 
progesterone did not significantly alter secretory and 
[Ca  2+ ], responses to PMA, indicating that the steroid 
does not inhibit PKC-media ted  Ca 2+ influx after pro- 
longed exposure. Recent studies in estradiol-treated 
pituitary cells have shown increased activity of PKC  
and enhanced L H  responses to phorbol ester [8, 26] 
Since this effect was also observed under  extracellular 
Ca 2÷ deficient conditions, and the present data have 
shown that estradiol does not alter PMA-induced Ca 2÷ 
signals, it is unlikely that modulation of PKC-induced 
Ca 2+ entry is involved in the mechanism of the positive 
effect of estradiol on gonadotropin secretion. However,  
it is possible that the long-term action of estradiol is 
regulated via another PKC-dependent  mechanism, 
since such treatment modulates phorbol ester-induced 
L H  secretion. 

Since progesterone receptors are found predomi- 
nantly in the gonadotroph fraction of rat pituitary cells 
[27], it is possible that the modulation of agonist- and 
K +-induced Ca  2+ signals observed in the present study 
results from a direct action of progesterone on the 
gonadotroph. An important aspect of the interaction 
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Fig. 4. Effects of  es t radiol  and proges te rone  on GnRH, PMA, and depola r iza t ion- induced  LH secret ion f r o m  
cul tured  ra t  p i tu i ta ry  cells. Cells were  cul tured  for  48 h with vehicle (V, 0.2% ethanol),  1 nM est radiol  (E), 1 nM 
es t radiol  + 100 nM proges te rone  (P), or for  48 h with 1 nM estradiol  and 4 h with 100 nM proges terone .  Dur ing  
the last  3 h of  the indica ted  incubat ion  per iods  the cells were s t imula ted  with 1 nM GnRH (left panel) ,  10 nM 
P M A  (middle  panel),  or 60 m M  K + (r ight  panel).  Data  f r o m  3-7 independen t  expe r imen t s  are  p re sen ted  as 
percen tage  + SE of  the respect ive  controls  (V----100%). * Ind ica tes  P < 0.05 vs V, ~ i n d i c a t e s  P < 0.05 vs 

es t radiol  (ANOVA and Newman-Keuls  test).  

between progesterone receptors and Ca 2+ signaling 
is related to the estradiol-dependence of short- and 
long-term effects of  progesterone on Ca 2+ signaling 
and secretory response. It has been shown that the 

priming effect of  estradiol on gonadotroph responsive- 
ness to progesterone is coincident with the increased 
expression of progesterone receptors [28]. Such 
estradiol-induced increases in progesterone receptor 
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Fig. 5. S t imula t ion  of  LH release by episodic depolar iza t ion dur ing  co lumn purif icat ion.  Af te r  p r e t r e a t m e n t  
with 1 nM est radiol  for  48 h, per i fused  ra t  p i tu i ta ry  cells cu l tured  on m i c r o c a r r i e r  beads were exposed to 
r epea ted  2 rain K + (60 mM,  ar rows)  pulses.  Following an initial  cont ro l  pulse, cells in one c h a m b e r  (O) were  
per i fused  with m e d i u m  conta ining 1 nM estradiol ,  and those in the second c h a m b e r  (O) with m e d i u m  
conta ining 1 nM estradiol  + 100 nM proges te rone  (P). Data  f r o m  a represen ta t ive  e x p e r i m e n t  are  shown and 

expressed in pe rcen tage  of  max ima l  LH responses  (100%) to the initial  control  pulses. 
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l eve l s  a r e  a b o l i s h e d  b y  c o n c o m i t a n t  t r e a t m e n t  w i t h  t h e  

a n t i - e s t r o g e n ,  t a m o x i f e n  [29].  I t  is l i ke ly  t h a t  t h e  

a c u t e  a c t i o n s  o f  p r o g e s t e r o n e  o n  c a l c i u m  s i g n a l i n g  a r e  

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

w h i l e  t h e  l o n g - t e r m  i n h i b i t o r y  e f fec t s  o f  p r o g e s t e r -  

o n e  t r e a t m e n t  p r o b a b l y  r e f l ec t  d o w n - r e g u l a t i o n  o f  

r e c e p t o r s .  

T o g e t h e r  w i t h  t h e  f i n d i n g s  in  s i n g l e  g o n a d o -  

t r o p h s  a n d  s u s p e n d e d  p i t u i t a r y  ce l l s ,  t h e s e  d a t a  s u g g e s t  

a c o m p l e x  m e c h a n i s m  o f  C a  z÷ s i g n a l  m o d u l a t i o n  

b y  p r o g e s t e r o n e  i n  e s t r a d i o l - p r i m e d  g o n a d o t r o p h s :  

(1)  a g o n i s t - s t i m u l a t e d  m o b i l i z a t i o n  o f  C a  2 ÷ f r o m  i n t r a -  

c e l l u l a r  s o u r c e s  c a n  b e  i n h i b i t e d  o r  e n h a n c e d  as s h o w n  

b y  s h i f t s  o f  t h e  [Ca2+] ,  r e s p o n s e  p r o f i l e s  in  s i n g l e  

g o n a d o t r o p h s  a n d  s p i k e  a m p l i t u d e s  in  ~ T 3 - 1  ce l ls ;  

(2) C a  2+ e n t r y  p r o v o k e d  b y  m e m b r a n e  d e p o l a r i z a t i o n  

is b i d i r e c t i o n a l l y  m o d u l a t e d  b y  t h e  s t e r o i d ;  a n d  (3) t h e  

l a t t e r  m e c h a n i s m  m i g h t  i n v o l v e  P K C - m e d i a t e d  C a  2+ 

c h a n n e l  p h o s p h o r y l a t i o n ,  w h i c h  c o u l d  s e r v e  as a n  

a m p l i f i e r  in  t h e  r e g u l a t i o n  o f  t h e  f a c i l i t a t o r y  a c t i o n  o f  

p r o g e s t e r o n e  o n  C a  2÷ in f lux .  S i n c e  C a  2÷ s i g n a l i n g  

is t h e  p r i m a r y  f a c t o r  l e a d i n g  to  e x o c y t o s i s  i n  t h e  

g o n a d o t r o p h ,  i t  is c o n c l u d e d  t h a t  t h e s e  m u l t i p l e  m e c h -  

a n i s m s  o f  p r o g e s t e r o n e  a c t i o n  w o u l d  c o n t r i b u t e  to  i ts  

e n h a n c i n g  a n d  a t t e n u a t i o n  e f fec t s  o n  G n R H - i n d u c e d  

L H  s e c r e t i o n .  
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